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THE AMINO ACID COMPOSITION AND DISTRIBUTION OF N® 
IN SOYBEAN ROOT NODULES SUPPLIED N'®-ENRICHED N,! 


I. Zerircw, P. W. Wirtson ano R. H. Burris 
(WITH ONE FIGURE) 
Received July 19, 1951 


In 1938, UmBreit and Burris (12) investigated the amino acids present 
in soybean root nodules and were unable to find any new or unusual com- 


ponents that might be implicated in symbiotic nitrogen fixation. Later, 
some evidence was obtained that an unusual unidentified compound oc- 
curred in the basic amino acid fraction of this tissue (14). The chromato- 
graphic separation of amino acids on potato starch columns, developed by 
Moore and Stein (6, 7, 8, 9), provided a new tool which we have applied 
for the further investigation of the amino acids present in root nodules. 
Azotobacter (1) and Clostridium (18), when fixing N.'*, always accu- 


mulated the highest concentration of N in their cells in glutamie acid. 
Clostridium furnished N»'® excretes ammonia with a phenomenally high 
concentration of N! (17). These and other data left little doubt that in 
these organisms ammonia is the key intermediate in nitrogen fixation, but 
the possibility remained that their mechanism of nitrogen fixation might 
differ from that of leguminous plants plus symbiotic bacteria. VirTANEN 
and Laing (13) reported the isolation of oximinosuccinie acid as an excre- 
tory product from inoculated leguminous plants fixing nitrogen and on the 
basis of this and certain non-specific evidence proposed that hydroxylamine 
is the key intermediate in symbiotic nitrogen fixation. If this be true, Vir- 
TANEN and LaAIne’s (13) argument requires that N! fixed from N. should 
accumulate in aspartic acid, not glutamic acid, for hydroxylamine reacts 
more rapidly with oxalacetic acid than with a-ketoglutariec acid. We have 
tested the two hypotheses by supplying N.™° to nodulated soybean plants 
for a relatively short time. The results of a fractionation of the nitrogenous 
constituents of the nodule substantiate the ammonia hypothesis and thus 
support the concept that there is a close similarity in the mechanisms of 
nitrogen fixation by widely diverse agents. 


1 Published with the approval of the Director of the Wisconsin Agricultural Experi- 
ment Station. 
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Methods 
AMINO ACID COMPOSITION 


Inoculated soybean plants were picked in the field in July; 12.2 gm. of 
nodules were collected and refluxed for 40 hours in 6.N HCl. The humin 
was removed, and the filtrate containing the amino acids was concentrated 
several times by vacuum distillation to remove HCl. Nitrogen analyses 
were made with the method of UmMprerr and Bonp (11). For analysis on 
starch columns, 0.60 ml. of the hydrolysate was mixed with 2.5 ml. of dry 
n-butyl aleohol, 5 ml. of n-propyl alcohol, and water to make a total volume 
of 10.0 ml. This approximated the mobile phase of the equilibrated starch 
column prepared according to the directions of Moorr& and Srein (7) with 
the solvents in the ratio of 1:2:1 n-butyl alcohol, n-propyl aleohol, 0.1 NV 
HCl. One half milliter of the solution (0.402 mg. N) was added to the sur- 
face of a starch column 0.9 em. in diameter and about 30 em. in height. 

Fractions 0.5 ml. in volume were collected from the column with an 
automatie fraction collector and analyzed colorimetrically with ninhydrin 
(leucine reference standard; 6). The amino acids were identified by their 
position in the effluent from the column. Some amino acid mixtures are not 
resolved by the starch column with the propyl aleohol-buty! aleohol-HCl 
solvent, hence it is necessary to run two additional columns with different 
solvents to resolve completely all 18 commonly occurring amino acids. Re- 
coveries of known mixtures obtained by Moore and STEIN generally were 
100 + 3% (7), though occasionally the analyses were in error by 10%. Re- 
coveries obtained in preliminary experiments with mixtures of commercially 
available amino acids generally were within this rang 


DISTRIBUTION OF N.' 


Soybean plants (Manchu variety) for the isotopic experiments were 
grown under conditions devised to keep the root system aseptic. The nitro- 
een-free nutrient solution of HoaGLANp and ARNON (3) was supplied. The 
importance of maintaining an aseptic environment to avoid contamination 
by free-living, nitrogen-fixing organisms is apparent from recent work (10). 
The seeds were surface sterilized by treating them successively with solu- 
tions of 70° ethyl alcohol for three minutes, 0.1% mercuric chloride for 
eight minutes, and calcium hypochlorite containing 20 p.p.m. of available 
chlorine for one minute. The seeds were washed at least five times with 
sterile water and germinated aseptically on 0.8°¢ agar in test tubes covered 
with aluminum caps. The seedlings were wrapped with sterile cotton, trans- 
ferred to two-quart Mason jars containing nutrient solution to which a sus- 
pension of Rhizobium japonicum (Wisconsin strain no. 526) had been added, 
and grown in the greenhouse with their roots immersed in sterile nutrient 
solution and their tops exposed. A continuous stream of sterile air was 
bubbled through the medium. 

After the plants had grown for about six weeks, they were removed from 


the Mason jars. The stem sections of about 10 plants were held together by 
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painting them with warm 1:1 beeswax—rosin, and the plants were placed in 
a split rubber stopper and inserted into a brass plate at the top of a glass 
cylinder containing sterile nutrient solution and a sparging device. The 
system was arranged so that a partial vacuum could be maintained in the 
vessel containing nodulated soybean roots, while the stems and leaves above 
were at atmospheric pressure. The cylinder was evacuated several times to 
0.5 atmosphere pressure and flushed with argon. Then 0.6 atmosphere of 
argon, 0.2 atmosphere of oxygen, and 0.2 atmosphere of nitrogen were 
placed in the vessel. The Ny was displaced into the system with 20% so- 
dium sulphate in 5% sulphurie acid, and was enriched with 22 atom per 
cent. N!° excess as determined with a mass spectrometer. The plants were 
illuminated by sunlight, and gas was circulated for six hours with a Vanton 


Amino Acid Conc. ( Leucine Standard ) 
7.00 ] uM X 


Leucine + 


6.00 — | Isoleucine Alanine + 
Glutamic Acid 


Phenylalanine 


Valine 


Histjdine 














Effluent in ml. 


Fic. 1. The amino acids in soybean root nodules. The starch column was started 
with 1:2:1 n-buty! alcohol, n-propyl aleohol, 0.1 N HCl. At the arrow the solvent was 
changed to 2:1 n-propyl alcohol, 0.56N HCl. Column 09 cm. diameter, 33 cm. high. 
0.402 mg. N added to column 0.5 mi. fractions analyzed 


pump (Vanton Pump Corp., Empire State Bldg., New York, N. Y.) through 
the nutrient solution containing the nodulated roots. 


At the conclusion of the experiment, the nodules were removed from the 
roots and ground with 30 ml. of 4N HCl in a Waring Blendor for five min- 
utes. The ground material was centrifuged; and the supernatant fluid, con- 
taining the soluble portions of the root nodule, was analyzed for its N' 
distribution. 

The soluble portion of the nodule was hydrolyzed for 24 hours under re- 
flux in about 6 N HCl. The humin was filtered off, and the filtrate was con- 
centrated by vacuum distillation to about 25 ml. The amino acids then 
were separated on a Dowex 50 column, 52 mm. in diameter and 55 em. in 
height, by the method of Stern and Moore (9). The column was started 
with 1.5 N HCl, changed to 2.5N HC! after 2845 ml. were collected, and 
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TABLE I 
THE AMINO ACID COMPOSITION OF SOYBEAN ROOT NODULES. 











Mg. amino acid Mg. of N % of 


Amino acid 0.402 mg. total N in amino acid recovered N 





Arginine 0.151 0.0486 13.20 
Ammonia 0.042, 0.056* 0.0404 11.00 
Glutamic acid 0.330,** 0.290+ 0.0315 8.57 
Lysine 0.162 0.0312 8.49 
Aspartic acid 0.283 tt 0.0298 8.10 
Alanine 0.183** 0.0288 7.83 
Histidine 0.089 0.0240 6.53 
Valine 0.177, 0.177** 0.0212 5.76 
Leucine 0.197 0.0211 5.73 
Glycine 0.099 0.0185 5.03 
Serine 0.116 0.0154 4.18 
Threonine 0.128 0.0150 4.08 
Proline 0.107 0.0130 3.53 
Isoleucine 0.102 0.0109 2.96 
Phenylalanine 0.114, 0.110 Ht 0.0095 2.58 
0.113** 
Methionine 0.040 0.0040 1.08 
Tyrosine 0.038, 0.040** 0.0030 0.82 
Cystine 0.021 0.0025 0.68 


0.368 
% recovery = 91.6 





* Obtained by distillation from alkaline solution. The ammonia includes amide 
nitrogen as well as free ammonia. 
** Calculated from column with 2:1:1 tert.-butyl alcohol, sec.-butyl alcohol, 
0.1 N HCl. 
t Figure obtained by use of a specific glutamic acid decarboxylase from Clostri- 
dium welchii, 
? Figure increased by 6% to compensate for loss caused by esterification (7). 
t# Calculated from column with 1:1:0.288 n-butyl alcohol, benzyl alcohol, 
water (0.5% thiodiglycol). 


finally changed to 4.0 N HCI after 8000 ml. were collected. Large fractions, 
15 ml. to 60 ml., were collected and small aliquots from these were analyzed 
colorimetrically with ninhydrin to determine the quantity and position of 
each amino acid in the effluent. Fractions representing individual amino 


acids were pooled for determination of N'®. The identity of each amino 
acid was indicated by its position in the effluent and confirmed by paper 


chromatography with phenol-water as the solvent system. The Ry of each 
amino acid from the column was determined and compared with the Ry of 
the authentic amino acid and the R,y of a mixture of the authentic amino 
acid and the one from the column. Aspartie and glutamic acids are not 
completely resolved from serine-threonine by a Dowex 50 column, so these 
acidie amino acids were purified further on an Amberlite IR-4B column (2). 


Results 


Figure 1 shows the peaks, representing the amino acids in the nodule 
hydrolysate, that were obtained on analysis of the fractions from a starch 
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TABLE I 


DISTRIBUTION OF N** IN THE SOLUBLE PORTION OF SOYBEAN ROOT 
NODULES SUPPLIED N35, 





Ry dilieialie “ies mixture Ry hin yong % 


Fraction a ; 
position amino acid amino acids amino acid N** excess 





ml, 


Total soluble N 0.22 
Glutamic acid* 2,020 0.26 0.27 0.25 0.65 
Alanine 3,445 0.40 0.40 0.40 0.39 
Serine-threonine* 1,840 0.23, 0.33 22, 0.33 0.22, 0.33 0.35 
Ammonia** 4,165 sos ; sen 0.31 
Tyrosine t 9,085 0.42 0.17, 0.43 0.17, 0.45 0.27 
Aspartic acid* 1,750 0.21 0.17 0.17 0.19 
Phenylalanine 12,805 0.64 ae 0.66 0.18 
Humin ea s 0.16 
Glycine 3,115 0.27 0.23 0.23 0.16 
Isoleucine 6,505 0.63 0.64 0.66 0.12 
Histidine 11,125 23 0.22 0.21 0.12 
Arginine tt 13,645 0.30 0.27, 9.65 0.27, 0.66 0.11 
Leucine 7,165 0.63 0.63 0.65 0.09 
Lysine 10,345 0.21 0.21 0.20 0.08 
Valine tt 4,495 0.58 0.57 0.58 0.07 





* Further purified by passage through an Amberlite IR-4B anion exchange column. 
** Represents free ammonia, amide-N, and N resulting from decomposition during 
acid Dap 
tThe tyrosine was contaminated with a small amount of cystine, Ky 0.14. 
tt The arginine was contaminated with a trace of phenylalanine, Rr 0.64. 
ttt Determined after any ammonia, which is eluted adjacent to valine, had been 
removed by distillation. 


column. The amino acids that moved most rapidly on the column with 
these solvents were not all completely resolved, so two other starch columns 
were run to separate these amino acids. The solvent mixture 1:1:0.288 
n-butyl! alcohol, benzyl alcohol, water (0.5% thiodiglycol) resolved phenyl- 
alanine, leucine, isoleucine, methionine, tyrosine, and valine in that order. 
A column equilibrated with 2:1:1 tert.-butyl aleohol, sec.-butyl alcohol, 
0.1 N HCl was used primarily to resolve glutamic acid and alanine. 

The 12.2 grams of fresh nodules when hydrolyzed produced 6.63 mg. 
humin N and 134 mg. of amino acids and ammonia. Of this, 0.402 mg. N 
was placed on each starch column to separate the amino acids. The results of 
the quantitative analyses are shown in table I in which the values are caleu- 
lated from the data in figure 1 with the exceptions as noted. The largest 
total amounts of nitrogen were found in arginine, ammonia (free and 
amide), glutamic acid, lysine, and aspartic acid. All of the common amino 
acids were present, and no one amino acid was present in great excess over 
the one next to it in concentration. Of the total nitrogen added to the col- 
umn (0.402 mg.), 91.6% was recovered. Small unidentified peaks in figure 
1 could account for the remainder of the nitrogen. 

Sixteen grams of fresh nodules were collected from 20 soybean plants 
supplied 22 atom per cent. N™ excess N» for six hours. The soluble portion 
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of the nodule, containing 46.5 mg. N, had 0.22 atom per cent. N'™ excess. 
The nodule residue after centrifugation contained 118 mg. N and had 0.05 
atom per cent. N™ excess. The results of the N'° analyses of the amino acid 
fractions of the soluble portion of the soybean root nodule and the R¢ values 
obtained on paper chromatograms with a phenol-water system are shown in 
table II. There was insufficient proline, methionine, and cystine to obtain 
N® analyses of these fractions. Of particular significance for the mecha- 
nism of symbiotie nitrogen fixation is the observation that glutamie acid 
was highest in N'* concentration of any amino acid separated, and had over 
three times the N'° concentration of aspartie acid 


Discussion 


Over 90° of the added N in a hydrolysate of soybean root nodules has 
been accounted for in 17 amino acids and ammonia. No unusual amino acid 
could be present in large amounts. Certain small peaks that were noted un- 
doubtedly correspond to some of the unidentified ninhydrin-positive spots 
that were observed by Hunt (4) on paper chromatograms of root nodules. 
The earlier observation (12) that amino acid composition of the root nodule 
resembles that of protein from the vegetative parts of plants has been con- 
firmed with more complete analysis. LitrLe (5) has determined the amino 
acid composition of nodule hemoprotein by microbiological assay. Our data 
show that the entire nodule differs markedly from its hemoprotein in amino 
acid composition. 

In a preliminary report we stated that nodules, which had assimilated 
0.017 atom per cent. N' excess from N.'*, accumulated N' in the valine 
(16). This abundance of N"® in valine proved to be an artifact; for the 
valine recovered when solvents other than the butyl alcohol, propyl alcohol, 
HCl mixture were used on the large starch columns had a relatively low con- 
centration of N'®. The data presented here, which are based on analysis 
of nodules with 0.22 atom per cent. N'° excess, should be accepted in place 
of those reported earlier. 

As has been already observed with Azotobacter and Clostridium, the 
soybean root nodule supplied N.'* accumulates isotopic nitrogen in glutamic 
acid. This points to ammonia as the key intermediate in symbiotic nitro- 
gen fixation by this plant and thus eliminates hydroxylamine or relegates 
it to a secondary role as an immediate precursor of amino acids in the nod- 
ule (15). The general similarity among the distributions of N'™ in the 
amino acids of root nodules, Azotobacter, and Clostridium supplied N.™ 
suggests that the mechanism of nitrogen fixation through ammonia is alike 
in aerobic and anaerobic bacteria and in the symbiotic system. 


Summary 


The amino acid composition of soybean root nodules was determined by 


analysis of amino acid fractions separated by partition chromatography on 


starch columns. Arginine, ammonia, glutamic acid, lysine, and aspartie 
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acid were the most abundant compounds. All of the common amino acids 
were present, and unidentified ninhydrin positive compounds constituted 
but a small percentage of the total nitrogen. 

The amino acids separated from the soluble portion of nodules from soy- 
bean plants supplied N'-enriched N. for six hours were analyzed for N, 
The distribution of N'* was very similar to that observed in Azotobacter 
and Clostridium. The atom per cent. N' excess in glutamie acid was al- 
most twice as high as that of any other amino acid and over three times as 
high as that of aspartic acid. These observations furnish further evidence 
that ammonia is the key intermediate in symbiotic nitrogen fixation. 


Supported in part by grants from the Rockefeller Foundation, the 
Atomic Energy Commission, and the Research Committee of the Graduate 
School from funds supplied by the Wisconsin Alumni Research Foundation. 

DEPARTMENTS or BiocHEMISTRY AND Bac TERIOLOGY 


UNIverSITY OF WISCONSIN 
Mapison 6, Wisconsin 


LITERATURE CITED 

Burris, R. H. Distribution of isotopie nitrogen’in Azotobacter vine- 
landu. Jour. Biol. Chem. 143: 509-517. 1942. 

ConspeN, R., Gorpon, A. H., and Martin, A. J. P. Separation of 
acidic amino-acids by means of a synthetic anion exchange resin. 
Biochem. Jour. 42: 443-447. 1948. 

Hoacuianp, D. R. and Arnon, D. I. The water-culture method for 
growing plants without soil. Univ. California Agr. Exp. Sta. Cir. 
347. 1938. 

Hunt, G. E. Amino acids in the roots and nodules of five species of 
legumes. Amer. Jour. Bot. 36: 825. 1949. 

LirrLe, H. N. The hemoglobin of leguminous root nodules. Ph.D. 
Thesis, Univ. of Wisconsin, Madison. 1948. 

Moore, 8. and Sterx, W. H. Photometrie ninhydrin method for use in 
the chromatography of amino acids. Jour. Biol. Chem. 176: 367— 
388. 1948. 

Moor, 8. and Stein, W. H. Chromatography of amino acids on starch 
columns. Solvent mixtures for the fractionation of protein hydrol- 
ysates. Jour. Biol. Chem. 178: 53-77. 1949. 

Stern, W. H. and Moore, 8. Chromatography of amino acids on starch 
columns. Separation of phenylalanine, leucine, isoleucine, methio- 
nine, tyrosine, and valine. Jour. Biol. Chem. 176: 337-365. 1948. 

Stern, W. H. and Moore, 8. Chromatographie determination of the 


amino acid composition of proteins. Cold Spring Harbor Symp. 
Quant. Biol. 14: 179-190. 1950. 

Tove, SHiRLEY R., Niss, H. F., and Witson, P. W. Fixation of No'™ 
by excised nodules of leguminous plants. Jour. Biol. Chem. 184: 
77-82. 1950. 








PLANT PHYSIOLOGY 


Umpreit, W. W. and Bonn, V. 8. Analysis of plant tissue. Application 


of a semi-micro-Kjeldahl method. Ind. and Eng. Chem., Anal. Ed. 
8: 276-278. 1936. 

Umpreit, W. W. and Burris, R. H. Composition of soybean nodules 
and root nodule bacteria. Soil Sci. 45: 111-126. 1938. 

VirTANEN, A. I. and Laing, T. Investigations on the root nodule bac- 
teria of leguminous plants. NXII. The excretion products of root 
nodules. The mechanism of N-fixation. Biochem. Jour. 33: 412- 
427. 1939. 

Witson, P. W. The Biochemistry of Symbiotic Nitrogen Fixation. 
Univ. of Wisconsin Press, Madison. 1940. 

Witson, P. W. and Burris, R. H. The mechanism of biological nitro- 
gen fixation. Bact. Rev. 11: 41-73. 1947. 

Zevitcu, I., Burris, R. H., and Witson, P. W. The distribution of N'™® 
in the amino acids of soybean root nodules supplied N.'°. Pre- 
sented Dec. 27, 1949, before meeting Amer. Soc. Plant Physiol., 
New York City. 

Zevitcu, I., RosENBLUM, EF. D., Burris, R. H., and Winson, P. W. Iso- 
lation of the key intermediate in biological nitrogen fixation by 
Clostridium. Jour. Biol. Chem. 191: 295-298. 1951. 

Zevitcu, I., Rosenstum, EF. D., Burris, R. H., and Witson, P. W. 
Comparison of the metabolism of ammonia and molecular nitrogen 
in Clostridium. Jour. Bact. (In Press). 





THE BEHAVIOR OF ISOCITRIC ACID IN EXCISED LEAVES OF 
BRYOPHYLLUM CALYCINUM DURING CULTURE IN 
ALTERNATING LIGHT AND DARKNESS 


HvuBertT BRADFORD VICKERY 
(WITH TWO FIGURES) 


teceived June 28, 1951 


In an earlier study of the diurnal variation of organic acids and starch 
in excised leaves of Bryophyllum calycinum (3), it was observed that the 
quantity of isocitric acid present did not change significantly during a three- 
day period of culture in water under greenhouse conditions of illumination, 
Because of the contrast between the behavior of this substance and that of 
malic and citric acids, it seemed essential to repeat the experiment under 
even more carefully controlled conditions and to employ improvements in 
the method for the determination of isocitric acid which have now become 


available (1). The outcome has been a confirmation of the earlier experi- 


ment. The changes in the quantity of isocitric acid in Bryophyllum leaves 
exposed to normal diurnal alternations of light and darkness, if significant 
at all, are scarcely in excess of the combined errors involved in the sampling 
and in the method of determination. 


Experimental procedure 


The plants were propagated from the same clone used in earlier work. 
They had been transplanted to sand in pots February 15, 1949, and were 
grown with the culture solution previously described (2). The samples of 
leaflets were collected July 28 by the statistical method (8), the upper three 
pairs of fully developed opposite leaves (five leaflets each) from 20 plants 
being taken to provide 10 samples each of 60 leaflets. Collection was begun 
at 4 A.M. (standard time) and all samples were in position in the culture 
troughs with the petioles in water by 5:30. Sunrise occurred at 4:43 A.M., 
sunset at 7:14 p.m. Zero time was taken at 5:00 a.m. when the control 
sample was placed in the drying oven. 

The troughs were set up in a greenhouse under white parachute cloth 
shade. During the first day, there was a slight haze in the morning and 
light cloud was present in the early afternoon; the temperature reached 33 
C and the humidity was high. The second day was clear save for a little 
cloudiness near noon and the maximum temperature was 36° C. The effect 
of the cloth shade was to diffuse the light but the intensity was of the order 
of 1600 to 2000 foot-candles throughout most of both days. 

Samples were removed at times selected to give information en the rates 
of change of the organic acids and starch during the day and night periods. 
They were dried at 80° C, broken up and equilibrated at 24° C and 50% 
relative humidity before being finally ground in a Wiley mill for analysis, 
and were then stored in closed bottles in the air-conditioned room. 


g 
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Table I gives the fundamental data on the samples. The precision with 
which they duplicated each other in initial composition is shown by the re- 
sults for total nitrogen which have a coefficient of variation of 0.9%. The 
protein nitrogen also remained constant at 1.74 + 0.017 gm. per kilo. The 
coefficient of variation of the initial fresh weight was 1.50 while that of the 
equilibrated dry weight was 18°. This last figure, however, is affected by 
an increase of from 5 to 6 gm. of organic solids per kilo of fresh weight 
which occurred during the 48-hour period. This result is in contrast to the 


TABLE I 


FUNDAMENTAL DATA ON SAMPLES OF EXCISED Bryophyllum calycinum 
LEAFLETS COLLECTED BY THE STATISTICAL METHOD AND 
SUBJECTED TO CULTURE IN WATER IN ALTERNATING 
LIGHT AND DARKNESS. 











Per kilo initial fresh weight 





: , 7 ' Equili- Equili- 
Culture period Fresh Fresh brated brated , Organic Isocitric 
weight weight dry dus Nitrogen Ash solids pa 
at start atend |. h “7 
weight weight 








hrs. " gm. . » zm. gm. gm. gm. m.eq. 


0 225.5 ‘ 2.16 11.4 83.3 
5 230.8  234.: ‘ 2.17 11.3 83.7 
10 228.7: 2.19 11.0 841 
15 232.0 2.19 10.7 84.9 
19 231.7 ; 101.9 2.18 10.6 85.3 
24 228.2 104.9 2.16 10.8 87.0 
29 226.4 22! 104.7 2.21 10.9 87.7 
34 226.9 ; 103.8 2.20 10.7 86.2 
39 220.9 21: 104.1 2.22 11.2 86.3 
48 230.0 106.3 2.20 10.6 89.6 
Mean 228.1 2.19 10.9 


Standard 
deviation +3.37 +0.02 +0.3 


Coefficient of 
variation % 1.5 1.8 0.9 2.8* 





*These figures are affected by a larger analytical error than that in the results 
for total nitrogen. 





previous experiment in which no increase in organic solids was detected and 
is evidence of the improvement in the accuracy of such experiments to be 
obtained with use of the statistical method of sampling. 

Figure 1 shows the behavior of the organie acids and the changes in the 
pH of the tissue. As in the previous experiment, malice acid reached a mini- 
mal value at 3:00 p.m. on each of the two suecessive sunny days and this 
is also true of citric acid. Nevertheless, as is evident from figure 2, starch 
formation continued, although at a diminished rate, until sunset. It may be 
inferred that, although the formation of stareh in light is obviously corre- 
lated with the decrease in organic acids and this relationship accounts for 
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the greater part of the increase in starch, there is, nevertheless, a moderate 
and probably continuous increase during the day as the result of photosyn- 
thetic reactions. This conclusion is in conformity with the observations of 
VARNER and BuRRELL (6) who demonstrated the presence of radioactive 
earbon in the starch of Bryophyllum leaves exposed to radioactive carbon 
dioxide in light for a short period. 
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Fic. 1. Changes in the organic acid composition and pH of excised leaves of 
Bryophyllum calycinum cultured in water in alternating light and darkness. Data are 
milliequivalents of acid per kilo of initial fresh weight. 


The curve for isocitric acid is not a horizontal straight line as it would 
be if there were no effect of light conditions and the methods of sampling 
and of analysis were completely accurate. There is a suggestion of an in- 
crease in isocitrie acid during both periods of illumination and of a drop 
during the first night. However, the maximum range is small, being of the 
order of 6% of the quantity measured, or about 0.8% of the organic solids 
of the leaves, and the coefficient of variation is 2.9%. The change, if real, 
is negligible in comparison with the behavior of malice and citrie acids which 
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altered in quantity in response to the changes in illumination by factors of 
from 5 to 10, and involved chemical transformation of about 17% of the 
organic solids of the tissues in the first 10 hours. 

In view of the accumulation of analytical error in the data for undeter- 
mined organie acids (fig. 1), no interpretation can be attempted of the flue- 
tuations in the total quantity of these substances present save to point out 
that an increase in light and a decrease in darkness is suggested. Prelimi- 
nary observations by the method of paper chromatography have indicated 
that there are at least eight and possibly as many as 10 organic acid com- 
ponents present in dried Bryophyllum leaves,' only oxalie and succinic acid 
among the minor ones being as yet provisionally identified. Until all of 
these components have been recognized and analytical methods developed 
for their determination, no comment can be made upon the share the indi- 
vidual substances may take in the phenomenon of diurnal variation. 

The curve for starch (fig. 2) shows variations in quantity that are corre- 
lated with those for both total organic acids and pH in a highly significant 
manner. The correlation coefficient of starch vs. total organic acids is — 0.91, 
that against pH is + 0.91. The probability that this is the result of chance 
is less than one in a thousand (r = 0.872 for P = 0.001 with eight degrees of 
freedom). -An-even higher degree of correlation is found for starch vs. malic 
acid, the figure being — 0.97; that for starch vs. citrie acid is —0.88. As in 
the previous work, the maximum starch content attained was the same on 
both days. 

The behavior of the soluble carbohydrates is shown in the lower part of 
figure 2, the seale of ordinates being five times greater than that of the curve 
for starch. Synthesis of glucose (free reducing sugar computed as glucose) 
began promptly after sunrise, but the curves suggest that transformation of 
glucose to starch soon assumed dominance so that, from mid-morning until 
sunset, the level of glucose dropped slightly. There was no significant 
change during the night; but in the early morning, the conditions were such 
that glucose soon rose to an even higher level than that attained the first 


day. However, it diminished rapidly during the afternoon, presumably 


owing to formation of starch; and there was again no significant change at 
night, a point of considerable importance in view of the continued increase 
in organie solids (fig. 2). 

Unfermentable carbohydrate (free reducing sugar after treatment of the 
extract with veast) likewise fluctuated in response to light but the maxima 
were attained only in mid-afternoon and the evidence suggests that a small 
proportion of this component was utilized during the dark periods. The 
total amount of material involved was small inasmuch as the range in quan- 
tity was less than 1 gm. per kilo of leaves and, consequently, no attempt 
was made to determine sedoheptulose in these samples. 

Sucrose (computed from increase in reducing power after treatment with 


1The author is indebted to Dr. C. A. Hargreaves of this laboratory for these 
observations. 
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invertase) behaved in a manner closely similar to that of the unfermentable 
carbohydrate with respect to the time of day the maximum was attained; 
but, again, the quantities involved were small, being only approximately 
0.8 gm. Furthermore, little more than traces of sucrose were present in the 
leaves at midnight of the first day and at dawn of the second. The increase 
during the day and decrease during the late afternoon and evening are thus 
strikingly large proportional fluctuations of this component. It is doubtless 
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Fic. 2. Changes in the carbohydrates and organic solids of excised leaves of Bry- 
ophyllum calycinum cultured in water in alternating light and darkness. Data are 
grams per kilo of initial fresh weight. 


significant that both unfermentable carbohydrate and sucrose increased 
moderately during the middle of the day when synthesis of starch was pro- 
ceeding at so high an intensity that glucose did not accumulate. 

The curve for organic solids (fig. 2; ordinates on the same scale as those 
for starch) shows a net increase for the first 29 hours along a nearly straight 
line. Thus, carbon fixation took place not only in light but also in darkness. 
There was a moderate net loss of organic solids during the second day, but 
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carbon assimilation was apparently reestablished at nightfall and continued 
throughout the dark period. The observations are thus in conformity with 
those of VaRNER and Burret (6) who have found, in short time experi- 
ments, that radioactive carbon dioxide is assimilated by Bryophyllum leaves 
both in light and in darkness. 


Discussion 


The ratios between the quantities of malice acid and of starch which un- 
derwent change in the suecessive periods of the experiment are shown in 
table II, starch being expressed in terms of the molar equivalent of glucose. 
During the morning and early afternoon of the first day and during the pe- 
riods from 12 midnight to dawn and from dawn to 10 a.m. of the second 
day, the relationship between these quantities was essentially constant in 
spite of the fact that the overall reaction was proceeding in the direction of 


TABLE II 


RATIO OF CHANGES OF MALIC ACID TO CHANGES OF STARCH 
CALCULATED AS GLUCOSE. 











Change in quantity Ratio 
Time interval li : 
(standard time) A Starch A Malic A Malic acid 


as glucose acid A Glucose 








millimoles millimoles 


+ 33.2 —56.0 ; ~37 
+23.4 — 36.7 —16 
+ 22 + 3.9 +1.0 
—16.6 +21.2 —1.3 
—32.0 + 49.7 -1.6 
+ 23.9 — 39.7 -}.7 
~ 37.2 —2.5 
+ 2.7 +0.3 
+ 65.3 -2.0 
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acid formation during one of these intervals and of starch formation during 
the other three. These were periods in which the rate of chemical change 
attained maximal intensity with respect to the quantities of starch that be- 
came involved. However, during experimental periods when smaller quan- 
tities of starch underwent change, the ratio departed more or less widely 
from this constant value, indicating that reactions other than the main one 
were influencing the overall results. In the late afternoon of both days, 
malic acid and starch both increased, suggesting that the main interconver- 
sion reaction had either ceased or had diminished in intensity to negligible 
proportions in relationship to the other chemical changes that were taking 
place 

The situation is clearly one that is far from simple from the chemical 
point of view; and, in spite of the occasional constancy of the relationship 
between the main reactants and of the highly significant negative statistical 
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correlation between the sets of data for malie acid and starch, it is obvious 
that a number of complicating factors which form a part of the general 
metabolic scheme are being overlooked. Some of these factors may be 
noted. Citric acid, as well as some at least of the acids of the undetermined 
group, responds to the alternation of illumination, and the highly significant 
correlation between the data for citrie acid and starch suggests that this re- 
lationship is of great importance. Manifestly, it must receive the closest 
attention when attempts are made to arrive at an interpretation of the phe- 
nomena in terms of specific chemical reactions. Furthermore, glucose, to- 
gether with other soluble carbohydrates, is also involved. Superimposed 
upon the chemical changes of these components are the reactions whereby 
the organic solids increased in quantity not only during the day, presumably 
as a result of the assimilation of carbon through photosynthesis, but also at 
night. With such species as tobacco, loss of organic solids takes place owing 
to uncompensated respiration when light is withdrawn. With Bryophyllum, 
as has long been known, little or no carbon dioxide is evolved by the leaves 
in darkness under normal conditions. On the contrary, the increase in or- 
ganic solids observed suggests that carbon assimilation reactions continue, 
a point that has been emphasized by THoMas and Beevers (5), who main- 
tain that oxygen is also taken up. The mechanisms whereby many of these 
reactions occur doubtless involve organie acid components even if only as 
transition products. The general organic acid metabolism is thus a highly 
complex process and its predominating feature, the reversible transforma- 
tion of malic acid to starch, is easily demonstrated only because of its rela- 
tive magnitude. 

It is against this background of rapid and extensive changes of organic 
acid components in Bryophyllum leaves that the apparent inactivity of iso- 
citric acid stands out in contrast. The observation suggests that this sub- 
stance may, in great part, be physically remote within the leaf cells from 
the centers at which the major reactions are taking place or that it is not 


one of the intermediates in the chain of enzymatically controlled equilibria 


concerned with the normal diurnal variation of acidity. Either view is in 
conformity with the observations with radioactive carbon dioxide by Srutz 
and Burris (4) and by VarRNeR and BurreL_t (6). These workers have 
shown that isocitrie acid acquires only a small proportion of radioactive 
carbon in comparison with the quantities found in malic and citric acids 
after exposure of the leaves to light. 

Nevertheless, it would be inaccurate to assume, merely on the present 
evidence, that isocitric acid is a chemically indifferent component of Bryo- 
phyllum leaves. As is shown in another paper (7), this substance soon be- 
comes involved in the chemical trarsformations of the organic acids when 
the period of darkness to which the leaves are exposed is abnormally pro- 
longed; it then promptly attains a new and lower level of concentration 
which is subsequently maintained relatively constant. Much remains to be 
learned, however, of the stimuli which can bring about such responses. 
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Summary 

The behavior of isocitrie acid in excised leaves of Bryophyllum caly- 
cinum subjected to culture in water under greenhouse conditions of illumi- 
nation has been reexamined with improved technical methods. The obser- 
vation that this substance does not change significantly in quantity in the 
normal course of the phenomena of diurnal variation of acidity has been 
confirmed. 

Although the relative quantities of starch and of malic acid which un- 
dergo diurnal fluctuations in response to light conditions are such as to in- 
dicate that mutual interconversion occurs, these substances being respective 
end-products of what is doubtless a complex series of enzymatically con- 
trolled chemical reactions, the simple hypothesis that diurnal variation of 
acidity is to be accounted for in terms of a reversible equilibrium between 
starch and malice acid is inadequate to account for all of the observations. 
Although this may be an expression of the most important reaction from the 
point of view of quantity, it furnishes an incomplete picture of the metabolic 
events. Notable among the complicating factors are the evidences of as- 
similation of carbon both in light and in darkness, and the behavior of citric 
acid and of the soluble carbohydrates. The chemical details of all of these 
reactions remain to be explained. 


Grateful acknowledgment is made to Dr. A. N. Meiss for assistance with 
the drawings and to Marjorie D. Abrahams, Laurence 8. Nolan and Kath- 
erine A. Clark for technical assistance. 
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Introduction 


The remarkable increase in population and number of industries in the 
Los Angeles area since 1940 has given rise to a serious problem of air pollu- 
tion known as smog. Leaf injury to plants, particularly leafy vegetable 
crops, Was first noted in 1944 and has increased in severity since then. The 
injury was not incited by any pathogen but was associated with periods of 
heavy smog (7, 10). Endive, spinach, Romaine lettuce, garden and sugar 
beets, Swiss chard, and, at times, oats, were badly damaged. Alfalfa, barley, 
egg plant, tomatoes and head lettuce were injured to a less extent, and cab- 
bage, cauliflower, cantaloupe, and cucumbers were very resistant. 

MIDDLETON, KeENpRICK, and SCHWALM (7) have adequately described 
the symptoms. An essential feature of the injury in the Los Angeles area is 
that from one to three days after exposure, affected leaves of such crops as 
fomaine, spinach, and beets develop on their lower surfaces a metallic sheen 
or glazed appearance that has been variously described as silver leaf, silver- 
ing or bronzing. Another characteristic is that the injury is not restricted 
by veins. Under severe attacks the silver leaf pattern extends across veins 
and may involve the whole leaf. On endive the initial injury appears as a 
water soaking between the veinlets of the lower surface, and these areas 
later become tanned or bleached. At times the lower surface may have a 
slightly glazed appearance. Silvering or the metallie sheen is lacking in 
oats and alfalfa, and the injury appears either as small, speckled, necrotic 
spots or, in severe Cases, as an irregular bleaching of the leaf. In addition, 
marginal bleaching on alfalfa establishes an oak leaf pattern (fig. 1). 

So far as the authors are aware, there is no report of plant injury by air 
pollutants that resembles the silver leaf pattern other than in the Los An- 
geles area. Sulphur dioxide, a common air pollutant, causes injury different 
from that caused by smog, and glazing is not one of the symptoms (1, 5). 
In addition, as pointed out by Muippieton et al. (7), when lists of plants 
susceptible to SO. and smog are compared, the order of susceptibility is 
quite different. Fluorine compounds were not considered responsible for the 


injury because of the difference in symptom expression (4, 8). The com- 
plete lack of leaf damage to gladiolus indicated that no traces of HF were 


in the atmosphere, confirming engineering and analytical surveys which 
showed the absence of any appreciable quantities of this gas in the atmos- 


1S 
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phere. Glazing of the lower surface of affected leaves apparently was not 


a symptom produced by other toxie gases such as chlorine, ammonia, hydro- 
gen sulphide, and mercury vapors (12). 

Since the injury could not be identified as due to more commonly known 
air pollutants, it became apparent that some material not heretofore investi- 
gated was responsible for the characteristic injury. At the request of the 


Fic. 1. Natural smog damage (above) and artificial smog damage, produced by 
the ozone oxidation products of l-n-hexene (below). Plants include: (1) alfalfa, (2) 
sugar beet, (3) endive, (4) spinach, (5) oats. 


Los Angeles Chamber of Commerce Agricultural Committee the Los An- 
geles County Air Pollution Control District, the California Institute of 
Technology and the University of California started a joint research pro- 
gram with the aim of determining the plant-damaging pollutants and the 
concentrations necessary to cause damage. This paper reports the results 
of that project. 
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Methods and materials 
LABORATORY 


The investigation was conducted in the Earhart Plant Research Labora- 
tory at the California Institute of Technology in Pasadena, where it was 
possible to grow plants under the various conditions necessary to achieve 


the purpose of the project. The essential features of the laboratory have 


been described by Went (11). Two adjacent gas rooms in the basement of 
the laboratory were used; one of these served as a fumigation chamber and 
the other as a plant growing room. The two rooms were identical in size 
and shape, measuring approximately 2.5 meters square and 2.2 meters high, 
and having a volume of 14,060 liters. Each room was equipped with air 
intake and exhaust vents situated in the ceiling. The intake duct was com- 
mon to both rooms and the air flow was divided equally between them. The 
air exchange for each room was 9,000 liters per minute. In addition to the 
continuous fresh air supply, each room was equipped with an air conditioner 
which circulated the air in the room and regulated the temperature at ap- 
proximately 22° C and relative humidity at about 60°. The rooms were 
illuminated with fluorescent tubes and tungsten bulbs. 


ALTERATIONS FOR SMOG PROTECTION 


The existing air filtering system proved to be inadequate in preventing 
the phytotoxic agents in smog from entering the Earhart Laboratory. 
Therefore, initial experiments were performed to determine what kind of 
filters would remove these materials from polluted air. 

Incoming air was passed through the following filtering devices in an at- 
tempt to remove the smog: water scrubbing columns using either straight 
tap water, tap water with chlorine removed, or tap water in which activated 
carbon was suspended; absorbent cotton columns; industrial gas mask ean- 
isters; and activated carbon canisters. The last named device removed the 
smog and thus protected the plants from injury. The experimental filter 
was made as follows: A box was constructed in such a way that air flow was 
divided equally and pumped downward through two vertical columns and 
then horizontally through two plant growing chambers in which pots of 
small seedling test plants could be placed. Contaminated air passed unob- 
structed through one column and over one set of plants. The second column 
contained three carbon canisters (number 42, type H Dorex), through which 
the air passed before coming in contact with a second set of plants. The 
volume of air passed through the filter was 60 liters per minute. Plants on 
the unfiltered side developed typical smog damage following periods of air 
pollution. In contrast, plants receiving filtered air not only were free of any 
injury, but were much more vigorous in growth. Moreover, the increased 
vigor of the protected plants was evident even during periods when smog 
was not sufficiently intense to mark unprotected plants, indicating that sub- 
lethal concentrations of the toxie agents had a depressing effect on growth. 
Based on these results, the air intake duct to the gas rooms was altered so 
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that the air passed through three activated carbon air recovery cells, 24 x 
24 = 8.75 inches in size (Dorex, type C). After the installation of these 
filters there was no evidence of natural smog damage in either room until 
the filters had become exhausted after a year of continuous operation. 
TEST PLANTS 

The plants used for the assaying of damage by various air pollutants 
were spinach, sugar beets, endive, oats, and alfalfa. The plants were grown 
from seed in pots containing a 1:1 mixture of pea gravel and vermiculite 
and watered with Hoagland’s solution. For the first 10 to 15 days, the 
plants were placed in one of the greenhouses of the laboratory under a plio- 
film plastic hood with sufficient pressure from smog-free compressed air to 
exclude natural air from the hood. Some other types of plastic covering 
materials proved to be toxic to the plants. The plants were then moved into 
the plant-growing chamber in a smog-free atmosphere under controlled con- 
ditions of temperature, humidity, light intensity and photoperiod until they 
reached suitable size for fumigation. Except for oats, which were ready in 
about 10 days, the plants were about 30 days old when used for fumigation. 


FUMIGANTS 


Analytical results on samples of polluted air served as a basis for the 
selection of fumigants, these results having been reported previously (6). 
A number of substances which were suspected of being present in the air 
were included in this survey. The materials tested covered alcohols, alde- 


hydes, ketones, sulphur, chlorine and nitrogen-containing compounds. In 


addition, reaction products of ozone and of nitrogen oxides with organic 
compounds, especially olefins, were studied. Since analysis of the smoggy 
air showed that the pollutants were present in concentrations of less than 
one part per million, test fumigations for the most part were run at this con- 
centration or less. In some cases, where materials were screened in a gross 
way, higher concentrations were used. 


APPARATUS 

Early in the investigation, before the fumigation rooms were usable, 
some testing was done in a small glass chamber of 353 liters capacity. This 
chamber was not equipped with constant air flow apparatus. Therefore, due 
to probable losses of fumigant because of adsorption by the chamber walls, 
the pots and potting medium, or absorption by the plants themselves, it was 
not possible to maintain the initial concentration. This chamber thus 
served as a rough screening device in which the materials were tested at 
concentrations of 25 parts per million or greater. As soon as the large fumi- 
gation rooms were ready, the small chamber work was abandoned. 

Because of the known rate of air exchange, the fumigation rooms offered 
a means of introducing a gas at a constant rate, and thus maintaining « 
given concentration for the duration of the test. Most of the materials were 
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introduced as a liquid and vaporized. Since tests were made at concentra- 
tions of 1 p.p.m. or less, introduction of small volumes of liquid, often less 
than 1 ml. per hour, presented « problem. 

In order to meter the liquid at the proper rate, various kinds of dripping 
devices, in which a given head of pressure was automatically maintained, 
were tried. However, it was not possible to maintain a constant rate for a 
period of several hours. A hypodermic syringe dispenser devised by Roru 
(9) was used, in which the plunger was pushed at a very slow and constant 
rate. This apparatus (fig. 2) consisted of a Hayden electric motor which 
turned one revolution in 12 hours. A small spur-gear wheel on the motor 
engaged a toothed rack (rack and pinion arrangement), the end of which 
pushed against the syringe plunger. The syringe needle was made of glass, 


Fie. 2. Hypodermic svringe apparatus for dispensing liquid fumigants at a slow 
YI 1} | | 


and constant rate. 


since many of the chemicals would react with the usual steel needle. The 
dispensed liquids were vaporized, either in an evaporating dish on a hot 
plate or on a fritted glass filter through which air was passed. By using 
sizes of hypodermic syringes varying from 1 ml. to 20 mil. and sizes of gear 
wheels having from 12 to 48 teeth, it was possible to vary the dispensing 


rate from 0.044 ml. per hour to 3.0 inl. per hour. With these variations in 


dispensing rate, concentrations of 1 p.p.m. or less were easily maintained for 
the duration of the test. Syringes were mounted on either side of the motor 
and operated in tandem, thus permitting the dispensing of two materials 
simultaneously. 

In the study of the reaction products of the normal constituents of the 
air and the air pollutants, the reactions were carried out in the gaseous 
phase by mixing a stream of hydrocarbon and nitrogen with ozone, nitrogen 
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oxides, or sulphur dioxide in the mixing tube shown, consisting of a concen- 
tric inner and outer tube (fig. 3,D). The stream of hydrocarbon enters the 
outer tube through the side arm and envelops the ozone or nitrogen oxide. 
The inner tube is adjustable so that the size of the reaction space at the 
front end of the tube (from a to b in D, fig. 3) can be made smaller or larger 
depending on the speed with which the reactions take place. When ozone or 
nitrogen oxides react with diolefins such as butadiene, the distance ab is re- 
duced, since otherwise self-ignitions and explosions occur. It is therefore 
dangerous to mix the hydrocarbons with air or oxygen before introduction 
into the mixing tube. For slower reactions, such as the combination of ni- 
trogen oxides with mono-olefins, the outer tube is lengthened by several feet 
of glass tubing of the same diameter. 
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Fic. 3. Apparatus for oxidizing hydrocarbons by means of ozone. 


The ozone is produced from pure oxygen in a single Berthelot tube yield- 
ing 1% ozone at a flow rate of 300 milliliters per minute and a potential dif- 
ference of 7,500 volts. The reduction of this voltage with a variable trans- 
former in the primary winding of the transformer proved to be a convenient 
way of adjusting the concentration of ozone in the fumigation room. For 
reproducible functioning of the ozonizer it is essential to dry the oxygen 


thoroughly by passing it through a tower filled with a drying agent such as 
Anhydrone. When the apparatus is not in use, inlet and outlet tubes should 
be closed. Although the ozonizer is grounded, safety precautions against 


the high voltage are of prime importance in operating this kind of equip- 
ment in a greenhouse. 
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FUMIGATION AND ANALYTICAL PROCEDURES 


In all the fumigations, the air pollutant being tested was first brought up 
to the desired concentration in the fumigation chamber, a process requiring 
less than five minutes. The test plants were then brought into the gas room 
from the growing room. The exposure period, four to six hours, was based 
on the meteorological observations by the Air Pollution Control District 
which indicate that, due to variations in wind movement, the smog mass 


migrates in rather definite patterns during the day, and that a given locality 


would experience four to six hours’ exposure on a smoggy day. At the end 
of the test, the plants were returned to the growing room and observed from 
day to day for injury. 

During the period of fumigation the air in the room was sampled and 
analyzed by standard methods, to check the actual concentration with the 
calculated concentration. In most cases, the amount recovered was within 
10°¢ of the ealeulated concentration. Because the differences in these tests 
were fairly consistent, it was assumed that the same relationship existed for 
materials where no analytical test was known. 

When using the ozonizer for the oxidation of unsaturated hydrocarbons, 
the concentration of ozone was measured before and after the hydrocarbon 
was admitted. After the hydrocarbon was introduced, the concentrations 
of peroxides, acids and aldehydes were determined. The concentration of 
ozone directly from the generator was determined by the iodine release 
method, using a series of three impinger wash bottles. The high concentra- 
tion of ozone in this case oxidizes part of the iodine to iodate, and acidifica- 
tion before titration of the iodine with thiosulphate is necessary. In con- 
centrations below 0.10 the acidification is not necessary, and the analysis 
ean be carried out in buffered solution in the usual manner. 

The ozone concentration in the room, calculated from the amount gen- 
erated in the ozonizer and using the air replacement factor previously estab- 
lished as 9,000 liters per minute, was found to be in agreement with the data 
obtained by drawing a known volume of air through impinger bubblers and 
determining the concentration of ozone in a direct way. The instability of 
the ozonides against many reagents, with the formation of aldehydes and 
acids during the analysis, limits the choice and accuracy of the determina- 
tion methods. Nevertheless, in many cases a satisfactory balance of the 
reaction products and ozone could be made, although, especially with the 
lower members of the hydrocarbon series, a complete conversion of the per- 
oxides in contact with water takes place. In such a case, the sum of the vol- 
ume per cent. of the end products (of the aldehydes and acids) will be 
double the volume percentage of the original ozone concentration, since one 
molecule of ozone gives rise to two molecules of aldehyde and acid. Al- 
though exeess of hydrocarbon was used to eliminate plant damage due to the 
action of ozone itself, there was no indication that more than the amount of 
hydrocarbon corresponding to the ozone concentration was oxidized. These 
findings are in harmony with those of Briner (3) on the ozone oxidation of 
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cinnamyl aldehyde. The sensitive rubber cracking test (2) showed the ab- 
sence of ozone in the fumigation experiments when excess olefin was used. 

The determination of the aldehydes was carried out gravimetrically, the 
method being based on the precipitation of the sparingly soluble dimedons 
or 2,4,-dinitrophenylhydrazones. Although the precipitation of the alde- 
hydes causes less destruction of the peroxides than the scrubbing with sul- 
phite, the conversion of a certain amount of the peroxides into their degrada- 
tion products is unavoidable, and the results will tend to be higher than the 
actual aldehyde content. The same holds true for the determination of the 
acids, and during the titration a shift in endpoint is noticeable. The perox- 
ide determination using the more stable buffered potassium iodide solutions 
does not include the optimum conditions for the oxidizing reactions of the 
peroxides. However, repeated checks on the release of iodine through sub- 
sequent acidification showed this error to be small. 


Experimental results 


Since the object of the tests was to determine those compounds that 
caused the typical type of damage, that is, the metallic sheen or silvering or 
bronzing on spinach, endive and beets, and the speckled necrosis on oats and 
alfalfa, and also the marginal bleaching that resulted in the oak leaf pattern 
on alfalfa, injury, if present, was recorded as being typical or atypical of 
smog damage. Atypical damage was usually in the form of wilting, the 
appearance of large necrotic areas, tip burning, chlorosis, bleaching or mi- 
nute pitting of the leaves. These criteria worked fairly well except for al- 
falfa, in which it was found that several substances produced smog-like 
symptoms while producing no smog symptoms on the other test plants. It is 
therefore believed that alfalfa is not a good differential test plant for deter- 
mining the presense of smog-producing chemicals. 

The results of the fumigations made in the small glass chamber at con- 
centrations of 25 p.p.m. or greater and a minimum exposure time of five 
hours served as a rough screening of material. No damage was observed 


with pentane, hexane, heptane, thiophene, pyridine, o-dichlorobenzene, allyl 


chloride, n-butyl chloride, n-amyl chloride, n-hexyl chloride and n-octyl 
chloride. 

In cases where the materials were toxic, the experiments were repeated 
at lower concentrations in the fumigation room. The results of these fumi- 
gations are listed in table I. Some chemicals, notably acrolein, formic acid, 
and monochloroacetie acid caused injury to some plants, while other fumi- 
gants produced little or no injury. Acrolein injury on spinach and endive 
was usually characterized by numerous minute sunken pits on either or both 
surfaces of the leaf. On alfalfa, there was usually a marginal bleaching to- 
gether with numerous small necrotic spots scattered over the surface. Thess 
latter symptoms at times resembled natural smog damage on alfalfa. How- 
ever, there was never any suggestion of smog damage on the other plants, 
and consequently this material was not considered to be responsible for the 
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TABLE I 


RESULTS OF FUMIGATION WITH VARIOUS GASES TO DETERMINE EFFECT ON PLANTS 
IN RELATION TO PLANT INJURY FROM AIR POLLUTION OR SMOG IN THE 
LOS ANGELES AREA. NO INJURY IS REPRESENTED BY O, INJURY 
THAT IS NOT TYPICAL OF SMOG DAMAGE BY A, AND 
TYPICAL SMOG DAMAGE BY T, 





Concentration 


Hours parts per 
Fumigant expo- million 


sure qubiuelt Spinach Endive Beets Oats Alfalfa 


Injury on leaves of: 








2.0 oO 
0.7 O 
1.2 A 
0.6 A 
0.1 0 
0.6 A 
0.5 O 
0.8 O 
A 
A 
O 
O 


O 





Formaldehyde 


oo 


Acrolein 


n 


Chloroacetone 


oo ooo oO 


Trichloroacetaldehyde 


Formic acid 


(in paraffin oil) 


OOrr> © Or Ore 


CO>>: 


NS woe w 


= 
i 


Performic acid 


Monochloroacetic acid 


OOr 0 >OrPr> 5 OF SHH PO 


ooo 98 FNS 


5 
4 
4 
4 


© No 
ooo °o 


A 
Oo 
a-Chloropropionic acid Oo 


Tertiary butyl hydro- 
peroxide 


So 
o 


0 
oO 
0 
Thionyl chloride } 1.9 oO 
Sulphur mono-chloride } 0.8 0 
1-Nitroethylene 0.07 O 
1-Nitropentene 0.25 O 


= 
. 
o 
=~ 
i) 


8-Chloroacetophenone 


= 
Sas 


a-Chloroacetophenone 


eooooco 
COOP er eA 








typical smog damage. Trichloroacetaldehyde also causes smog-like symp- 
toms on alfalfa, but no damage on other plants. 

Formic acid caused severe wilting and death of portions or all of the 
affected leaves of spinach and endive at concentrations above 2 p.p.m. The 
lower surface of leaves of spinach sometimes appeared oily. This oiliness is 
a precursor of the development of the metallic glaze. However, the oiliness 
produced by formic acid did not develop into the typical metallic sheen or 
silver leaf. Occasionally, the margins of large necrotie spots on leaves of 
spinach were shiny and somewhat resembled the glazed appearance of natu- 
ral smog injury, but in no case was this symptom produced in the absence of 
necrosis, nor did the area affected appear to be more than just a narrow 
margin to the spot. Monochloroacetie acid caused severe wilting and necro- 
sis of spinach and beets but produced no smog-like symptoms. No effect 
was observed with the following compounds at concentration of 1 p.p.m. 





HAAGEN-SMIT ET AL.: INJURY TO PLANTS FROM AIR POLLUTION 27 


after five hours’ exposure: methyl! alcohol, ethyl] alcohol, butyl aleohol, croton- 
aldehyde, monochloropropionaldehyde, monochloroacetaldehyde, dichloro- 
acetaldehyde, trichloroacetaldehyde, isovaleraldehyde, valerie acid, nitric 
acid, hydrochloric acid, hydrogen peroxide, n-amy! chloride, n-butyl chlo- 
ride, allyl chloride, octyl! chloride, methyl nitrite, and sulphur chloride. 
The chemical analysis of the Los Angeles smog had shown the presence 
of organic material of peroxide nature, together with the degradation prod- 
ucts of peroxides, namely, aldehydes and acids. These findings indicated 
that a low temperature oxidation of the abundantly present hydrocarbons 
takes place in the atmosphere. Such oxidations are carried out by the avail- 
able ozone in the air and by the action of sunlight, especially under the cat- 


alytie influence of the nitrogen oxides. In addition, products are formed 


which point to the addition of the nitrogen oxides to the olefins. 

It was therefore of interest to study the effect on plants of these reac- 
tion products of the normal constituents of the air and the pollutants. As 
one source of the unsaturated hydrocarbons, a cracked gasoline was used, 
containing 20% unsaturates. The effect of the ozonization products of the 
gasoline and a number of its distillation fractions on plants are listed in 
table IT. 


Typical damage on all five indicator plants was caused by the fraction 


TABLE II 


RESULTS OF FUMIGATION WITH GASOLINE AND GASOLINE FRACTIONS AND OZONE 
TO DETERMINE EFFECT ON PLANTS IN RELATION TO INJURY FROM AIR 
POLLUTION OR SMOG IN THE LOS ANGELES AREA. NO INJURY IS 
REPRESENTED BY O, INJURY THAT IS NOT TYPICAL OF 
SMOG DAMAGE BY A, TYPICAL SMOG DAMAGE 
BY T, AND TYPICAL SMOG DAMAGE 
BUT NOT AS SEVERE BY t. 
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boiling at 59 to 69° C, containing C; and Cy olefins. The typical effect of 
these hydrocarbons was confirmed by the ozonization of a series of pure ole- 
fins (table III). In this series, plant damage resembling most closely smog 
damage is produced on all five indicator plants by the oxidation products of 
straight chain olefins of five and six carbon atoms. Ethylene, propene, and 
the normal butenes do not give typical damage, but branching of the chain, 


TABLE III 


RESULTS OF FUMIGATION WITH VARIOUS UNSATURATED HYDROCARBONS AND 
OZONE TO DETERMINE EFFECT ON PLANTS IN RELATION TO INJURY FROM 
SMOG IN THE LOS ANGELES AREA. NO INJURY IS REPRESENTED BY O, 
INJURY THAT IS NOT TYPICAL OF SMOG DAMAGE BY A, TYPICAL 
SMOG DAMAGE BY T, AND TYPICAL SMOG DAMAGE 

BUT NOT AS SEVERE BY t. 
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as in isobutene, increases the toxicity, producing effects which begin to re- 
semble smog damage. It is therefore reasonable to assume that all of the 
branched isomers of pentene and hexene will show plant damage. This large 
number of active hydrocarbons must be augmented by the inclusion of 
members of the Cz, Cx and Cy series, as has been shown for 1-n-heptene, 
3-n-heptene, 1-n-octene and 4-n-nonene. In comparable concentrations, the 
oxidation products of 4-n-nonene are of lower activity than those of 1-n- 
hexene. However, when the ozone content is raised, and therefore the con- 
centration of ozonides and their degradation products is increased, nearly 
the same amount and type of damage is produced as in the case of 1-n-hex- 
ene. We must therefore conclude that the threshold level of activity is 
higher for the higher hydrocarbons, but that the principle of their action is 
the same. 


The low smog rating which the olefins with less than four carbon atoms 
received is likely due to the instability of the ozonides, which are readily 
hydrolyzed to aldehydes and acids. The damage produced with these hy- 


droecarbons resembles that obtained with formaldehyde. The optimum of 
smog activity of the hydrocarbons occurs when the chain length of the deg- 
radation products is from three to five carbon atoms. For example, 1-n- 
pentene, which would furnish Cy reaction products, is strongly active, 
whereas 2-n-pentene, yielding only C. and Cs products, is inactive. The 
hydrocarbon, 1-n-heptene, which gives C,; and Cy products, gives less typical 
damage than 3-n-heptene, which decomposes into C; and Cy, produets. It is 
possible that the comparative stability of the series of the primary ozonides 
and the peroxide degradation products determines the degree of damage, 
and would thus provide an explanation for the decrease in activity of the 
higher olefins such as 1-n-decene and 1-n-tetradecene. 

For the ozonization products of 1-n-hexene, the threshold value for plant 
damage was determined. With a peroxide concentration of one part per 
hundred million, slight, but typical damage resulted. The concentration of 
ozone before admittance of the hydrocarbon necessary to obtain this perox- 
ide concentration was five parts per hundred million. This concentration is 
well within the range of ozone concentrations determined in the Los Angeles 
area. 

In fumigation experiments of this kind a series of oxidation products is 
formed. The primary product, the ozonide, itself a peroxide, undergoes a 
series of changes leading to hydroxy- and aldehyde peroxides, and finally 
to aldehydes, ketones and organic acids. These end products formed from 
the physiologically active hydrocarbons do not occur, even after complete 
conversion of the ozonides, in such high concentrations that damage could 
be attributed to their formation. Threshold values determined for formie 
acid and formaldehyde are, respectively, at one and two parts per million. 
A representative higher aldehyde (valeraldehyde) and a higher acid (valerie 
acid) did not show damage at a concentration of several parts per million. 
That formaldehyde and formic acid formed in the ozonization experiments 
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are not responsible for the typical damage is seen from the positive action 
of the olefins 3-n-heptene, 4-n-nonene and cyclohexene. These olefins pro- 
duce on ozonization the comparatively harmless higher aldehydes and acids 
as reaction products, and no formaldehyde or formic acid is formed. A pos- 


sible synergistic action of the aldehydes and acids was tested with a mixture 
of the degradation products of 1-n-pentene—formie acid, formaldehyde, bu- 


tyraldehyde and butyric acid—each in a concentration of 0.5 part per mil- 
lion. Although the formaldehyde concentration used exceeded by a factor 
of 4, and the formie acid 20 that in the experiments with the active 1-n- 
pentene, no typical smog damage was observed. 

Since, upon ozonization of the hydrocarbons, aerosols are formed which 
could be adsorbed on the leaf surface and in this way accumulate a larger 
amount of damaging materials than the concentration in the room would 
indicate, aerosols of formic acid with water and with paraffin oil were used. 
At concentrations of, respectively, 1, 2, and 1.5 parts per million, typical 
damage was not found. Aqueous solutions of 30 formic acid produced 
smog symptoms upon direct spraying of the plants. The same is true for 
solutions of 30° hydrogen peroxide, which, when applied in concentrations 
of one part per million failed to show any effect on the plants. Therefore 
the conclusion can be drawn that the end products of the ozonization, the 
aldehydes, acids and hydrogen peroxide cannot be responsible for the plant 
damage, and that the active agent has to be found in the highly oxygenated 
organic compounds of peroxide nature. 

Under the influence of sunlight, nitrogen oxides readily oxidize a number 
of compounds. In view of the ozone oxidation experiments, it was of in- 
terest to see if, with the help of this catalytie oxidation, plant damage could 
be produced. As a source of olefins, cracked gasoline was chosen, the vapors 
of which were combined with those of NO». The gases were mixed in a con- 
tainer of Plexiglas, which has a high transparency for ultraviolet light, and 
then passed into a box of the same material which contained the plants. At 
a concentration of 0.4 part per million NO» with ultraviolet light or sunlight, 
damage was observed (table IV). It was noticed, however, that under these 
conditions the spinach was the least damaged, whereas the other indicator 
plants showed the typical smog pattern. Using different fractions of gaso- 
line, it was seen that the precursors of the damaging factors are in the same 
fraction which gave typical damage in the ozone oxidation experiments. 
Similar results were obtained by using 1-n-hexene, NOs and ultraviolet 
light. The effects are not due to the action of NOz by itself, with or without 
ultraviolet light, nor to the action of the hydrocarbon with sunlight. When 
nitrogen oxides and olefins react in the dark they will form mainly nitrosates 
and nitrosites, and in addition, small amounts of highly lachrymatory nitro- 
olefins, depending on the experimental conditions and the hydrocarbons 
used. Although gasoline and 1-n-hexene with NO» gave plant damage when 
irradiated with sunlight or ultraviolet light, when weak fluorescent light 
(1600 foot-candles) was used, no effects were found. In the sunlight the 
oxidation of the olefin takes place, whereas in the dark or in weak artificial 
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TABLE IV 


RESULTS OF FUMIGATION WITH VARIOUS UNSATURATED HYDROCARBONS, PLUS 
OXIDES OF NITROGEN, SULPHUR DIOXIDE, ULTRA VIOLET LIGHT, OR SUNLIGHT 
TO DETERMINE EFFECT ON PLANTS IN RELATION TO INJURY FROM AIR 
POLLUTION OR SMOG IN THE LOS ANGELES AREA. NO INJURY IS 
REPRESENTED BY O, INJURY THAT IS NOT TYPICAL OF SMOG 
DAMAGE BY A, TYPICAL SMOG DAMAGE BY T, AND TYPI- 
CAL SMOG DAMAGE BUT NOT AS SEVERE BY t. 
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light the formation of nitro-compounds predominates. Except in the case of 
butadiene reacting with a high concentration of NOs, typical damage was 
not found. Synthetic 1-nitro-pentene and nitro-ethylene, a strong eye irri- 
tant, did not cause damage (table 1). 

To test the effect of the oxidation products of olefins by the action of 
sunlight, 1-n-hexene was exposed to the sunlight and after two weeks the 
peroxide-containing hydrocarbon was sprayed on the plant. Severe damage 
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occurred. However, in experiments whereby the vapors of the olefin were 
subjected to the action of light for a few seconds, no injury to plants was 


observed. To simulate conditions in the air, longer exposures of the hydro- 


carbon to sunlight are apparently necessary than in the ease of the oxidation 
with NO» or ozone. Experiments on the photo-oxidation of methyl alcohol, 
ethyl alcohol, butyraldehyde and formie acid failed to cause damage to 
plants. 

In a study of the effect of SO. in combination with several air pollutants, 
fumigation experiments were carried out with SO. in a concentration of 0.1 
part per million (table IV). Under these conditions, no SOz effect is noticed 
on the plants. The low boiling fraction of gasoline, which gave damage 
when combined with nitrogen oxide in the sunlight, failed to do so when 0.1 
part per million of SO. was present, possibly indicating a protective effect 
of the reducing agent against the strongly oxidizing peroxidie substances. 
The combination of vapors of hydrocarbons and SO, failed to injure the 
plants. 


Summary 


Spinach, beet, endive, oat, and alfalfa plants were used for the determi- 
nation of crop damaging pollutants in the air of metropolitan Los Angeles. 
The air pollution, or smog, symptoms on these indicator plants are well 
known through previous studies. The production of a metallic glaze or 
silvering on the lower surface of leaves on spinach, beet and endive espe- 
cially distinguishes this damage from the effect of previously known toxic 
materials. 

Activated carbon filters were devised which removed the toxie agents 
from the polluted air. The filters demonstrated that sublethal concentra- 
tions of smog had a depressing effect on the growth of the plants. 

Principal attention was given to the reaction products which are formed 
in the air from natural components and air pollutants, as well as from the 
air pollutants with each other, after earlier tests with a series of pure com- 
pounds of organic nature failed to produce smog symptoms. The reaction 
products of ozone with unsaturated hydrocarbons produced typical smog 
damage on all of the indicator plants. The damaging factor must therefore 
be attributed to the peroxides formed in the ozonization process. 

Optimum effects were obtained by using olefins with five and six carbon 
atoms with the double bond in the end position. However, the end position 
of the double bond is not essential, since 3-n-heptene, 4-n-nonene and cyclo- 
hexene gave typical smog damage upon ozonization. The concentration of 
ozone at which damage occurs with the olefins is well within the range of 
ozone concentration found in the atmosphere as determined by the rubber 
cracking test. 

The optimum activity of the C; and Cg series is attributed to the sta- 
bility of the intermediate products in the reaction process. The catalytic 
oxidation of the olefins with NO. under the influence of sunlight produces 
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oxidation products very similar to those produced by ozone. In the plant 
fumigations with oxidation products of olefins, lachrymatory effects were 
often observed. 

These investigations demonstrate the utility of plants in analyzing air 
pollutants. They further show for the first time that hydrocarbons, nor- 
mally harmless air pollutants of organic nature, can cause severe damage 
through their reaction with substances known to be in the air. In this way 
these experiments have contributed to a better understanding of the smog 
problem. 


The authors wish to express their gratitude to Drs. F. W. Went, John T. 
Middleton, and J. B. Kendrick, Jr., for valuable suggestions and assistance, 
to R. Van Meter, who made many of the chemical determinations during the 
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It is a well-known fact that complete photosynthesis occurs only in 
intact cells. In 1937, Hitt (9) discovered that isolated chloroplasts when 
suspended in aqueous solutions of iron salts could liberate a rather large 
amount of oxygen upon illumination. Since then, many experiments have 
been performed to determine whether or not this effect, known as the Hill 
reaction, actually represents the photochemical step in photosynthesis. If it 
does, it provides the first opportunity to investigate one portion of the 
photosynthetic process in the absence of intact, cells. 

One method of testing the hypothesis that the liberation of oxygen from 
aqueous solution by illuminated chloroplasts utilizes the same photochemi- 
cal reaction as does photosynthesis is to compare the action spectrum for the 
Hill reaction with that for photosynthesis. If the action spectra of these 
two processes are similar, the same sensitizing pigments must be responsible 
in both photochemical reactions. The identity of these processes is, there- 
fore, highly probable. 

Many workers have found evidence both for and against the utilization 
of light absorbed by carotenoids in photosynthesis as well as light absorbed 
by chlorophyll (2, 3, 4, 5, 18). The usual situation seems to be that the 
carotenoids are partially but not completely active in photosynthesis. It is 
known that the Hill reaction takes place with red light (10, 13) and it has, 
therefore, been assumed that chlorophyll is the light absorber for this 
process. Whether or not carotenoids may also be effective as photocatalysts 
for the oxygen evolution by chloroplasts has not been determined. A com- 
parison of the action spectrum with the absorption spectrum of the chloro- 
plast suspension should give evidence concerning this possibility. 

The relative effectiveness of various wave lengths of light for photosyn- 
thesis as compared with the absorption of the same material has been deter- 
mined with considerable precision in numerous algae (3, 4, 8). There are 
no data of comparable reliability for the action spectrum of photosynthesis 
in higher plants. By the use of extracted chloroplasts instead of intact 
leaves such measurements are greatly facilitated. However, this procedure 
only provides evidence as to the probable action spectrum of photosynthesis 
in higher plants since the extracted chloroplasts do not carry on complete 
photosynthesis. 


1 Present address: Department of Agricultural Research, American Smelting and 
Refining Co., Salt Lake City, Utah. 
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Materials and methods 


Many methods have been used by various workers to follow the Hill 
reaction. The most direct method was the measurement of the amount of 
oxygen liberated (12). Other methods included the reduction of methaemo- 
globin (11), titration of hydrogen ions produced (13) or the change of oxi- 
dation-reduction potentials (16) during the photochemical reduction process. 
In the experiments to be described, the Hill reaction was measured by the 
reduction of an oxidation-reduction dye, 2,6-dichlorophenol indophenol, in 
the presence of isolated chloroplasts (14). The chloroplasts were obtained 
by grinding fresh Swiss chard (Beta vulgaris) leaves in ice-cold 15% metha- 
nol in a Waring Blendor, filtering the slurry through cheese cloth, centri- 
fuging the filtrate and collecting the chloroplasts which were then washed 
twice with 15° methanol. Chloroplast preparations were stored at —5° C 
until used. 

The action spectrum for a photochemical process is, according to BLuM 
(1),“an expression of the variation of the effectiveness of the exciting radi- 
ation with the wavelength.” There is no generally accepted manner of 


expressing action spectra which corresponds to that used for the specific 


absorption coefficient in absorption spectroscopy. The reciprocal of the 
number of incident quanta (7.e., relative effectiveness) required to produce 
a given amount of response is the expression most commonly employed. 
The action spectrum so constructed permits a direct comparison with the 
absorption spectrum of the light absorber only when the absorption of inci- 
dent light is small and without other complications such as the presence of 
other light absorbers, light scattering, etc. In these experiments, therefore, 
a highly diluted chloroplast preparation was used. Its concentration was 
varied in different parts of the spectrum to keep within a usable range (near 
15°) of light absorption. The dye solution was added to the chloroplast 
suspension and the mixture was kept in darkness at 0° C. The catalytic 
re-oxidation of the dye during the measurement was prevented by the use 
of NaCN (15). The reaction mixture used had the following composition 
unless otherwise stated for particular experiments: Chloroplasts, 0.0034- 
0.0102 mg. chlorophyll/ml.; dye, 2,6-dichlorophenol indophenol, 6.0 x 10-5 M; 
potassium phosphate buffer, pH 6.5, 0.04 M; KC1, 0.03 M; NaCN, 4 10-3 M. 

Samples of the mixture of dye and chloroplasts were transferred to a 
Beckman spectrophotometer cell of two mm. thickness and exposed to mono- 
chromatic light. Monochromatic light of a band width of 10 my was ob- 
tained by means of a grating monochromator (7) in which the dispersion 
of light was effected by a Wood replica grating (4” x4”). The light source 
was a Huggins high-pressure mercury are. Glass filters were used to remove 
the stray light. The amount of light energy incident upon the chloroplasts 
was corrected for dye absorption in the mixture by using the following 
formula: 
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Fraction of the absorbed light absorbed by dye = 


aaCa 


agCq + acC. 


% 3 - Iq 
aaCq = In — = In —; a-C, = In— = ln—-; 
Iq Im e las 
and I, is the incident light intensity, I. the transmitted light intensity of 
the chloroplast suspension, Iq that of the dye solution and I,, that of the 
mixture. Light intensities were measured by a photronic cell, which was 
placed immediately behind the cell containing these solutions. The sensi- 
tivity of the photronic cell at different wave lengths was determined with a 
calibrated thermopile to give an absolute measure of the incident energy. 
The degree of dye reduction produced by exposure to the light was meas- 
ured with a Beckman spectrophotometer at a wave length of 605 mp, the 
absorption peak of the dye. The optical density readings of the mixtures 
were taken immediately before and after the mixture was exposed to light 
for various periods of time. The rate of dye reduction was then determined 
from the initial slope of the line drawn through a plot of dye concentration 
against time for each wave length used. After so obtaining the rate of dye 
reduction by exposing chloroplasts to a known light intensity, the effective- 
ness of light at various wave lengths in causing the dye to be reduced was 
calculated and an action spectrum for this reaction was plotted. To deter- 
mine the appropriate range of chloroplast concentrations, light intensities, 
etc., several sets of exploratory measurements were made, some of which 
are described here. 
Experimental results 


EFFECT OF CHLOROPLAST CONCENTRATION ON THE RATE 
OF DYE REDUCTION 


As mentioned in a previous section, in order to obtain a usable range of 
light absorption, a thin layer of highly diluted chloroplast preparation was 
used in the experiments performed. The concentration of this preparation 
varied for different parts of the spectrum. Thus it was necessary to deter- 
mine if the rate of dye reduction was proportional to the concentration of 
chloroplasts within the concentration range used. According to Beer’s law, 
which should give at least a rough approximation of the relation between 
absorption and concentration of a dilute chloroplast suspension, the amount 
of light absorbed and hence the photochemical action produced should at 
low concentration be proportional to concentration. The direct propor- 
tionality would fall off at higher concentrations according to the equation: 
A =I,(1-—e-@!*). Experiments were carried out at 436 my, 546 mp, and 670 
mp with the following chloroplast concentrations which were later used in 











€ 


38 PLANT PHYSIOLOGY 


the action spectrum measurements: 0.0034 mg., 0.0067 mg., and 0.0102 mg. 
of chlorophyll per ml. of mixture. The ratio of chlorophyll concentrations 
in these preparations was 1:2:3. With these chloroplast preparations, the 
resulting photochemical reactions, as measured by the rate of dye reduction, 
were respectively 0.120, 0.238, and 0.312 at 436 mp. In other words, the ratio 
of dye reduction rates corresponding to these three chloroplast concentra- 
tions were 1.0:2.0:2.6. At 546 my, the corresponding ratio was 1.0: 1.8: 2.6, 
and at 670 mp it was 1.0:2.0:2.7. According to these ratios, the rate of dye 
reduction was, within experimental error and except for the highest concen- 
tration employed for the action spectrum measurement, proportional to the 
chloroplast concentration. At the highest concentration (0.0102 mg. chloro- 
phyll/ml.) which was used for the spectral range 460 to 650 my, these results 
suggest that those points on the curve may be about 13% too low. In view 
of the experimental error, estimated to be about 10°, no correction has been 
applied to these points on the action spectrum. 


EFFECT OF LIGHT INTENSITY ON THE RATE OF DYE REDUCTION 


Owing to the different light intensities available at different wave lengths, 
it Was necessary to determine to what extent the reaction followed the reei- 
procity law: Intensity x time is equal to a constant. This law was tested at 
436 mp, 546 mp, and 670 mp, using a chloroplast concentration of 0.0068 
mg. chlorophyll/ml. Different light intensities were obtained by insertion of 
calibrated wire screens into the light beam. The products of (Ixt) were 
calculated by multiplying the light intensities by the time required for 20% 
dye reduction. At 436 my, the light intensities employed were 1.63, 2.47, and 
2.72 x 10-5 watt/em.* The corresponding products of (I xt) were found to 


be 37.8, 41.3, and 37.2 respectively. The light intensities used at 546 mp 
were 1.31, 1.98, and 2.18, and those at 670 mp were 1.75, 2.08, and 3.07 x 10-5 
watt. em. The corresponding (I x t) products were respectively 151.0, 170.0, 
and 163.3 for 546 mp and 71.9, 65.2, and 65.5 for 670 my. From these results 


it became apparent that the reciprocity law held within the range of light 
intensities employed. The measurement of the action spectrum was there- 
fore made within the range of these light intensities. 


EFFECT OF TEMPERATURE ON THE RATE OF DYE REDUCTION 


The dye solution was added to the chloroplast preparations immediately 
before the measurement of dye reduction and the mixture was stored in 
darkness at 0° C. Samples were then transferred to a Beckman cell and 
exposed to monochromatie light at room temperature (25° C) during experi- 
mentation. Obviously, as the exposure time increased, the temperature of 
the mixture approached room temperature. A strictly photochemical reac- 
tion should be nearly independent of temperature. If, however, temperature 
had an effect, some correction would have to be made since different expo- 
sure times were used. Measurements were therefore made to determine the 
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effect of temperature on the rate of dye reduction at these very low intensi- 
ties. The rate of dye reduction at 436 mp of a sample initially at room 
temperature was compared with one which was at 0° C at the start of the 
exposure. The exposure times used in the two sets of measurements were 
seven and nine minutes respectively. In the first set of measurements, the 
dye reduction rate was 0.263 for the chloroplast preparation kept at room 
temperature and 0.270 for the one kept at 0° C. With the exposure time of 
nine minutes, the corresponding rates were 0.250 and 0.244. These results 
were considered sufficiently alike to justify the omission of temperature con- 
trol during the measurement. 


ACTION SPECTRUM OF DYE REDUCTION BY ISOLATED CHLOROPLASTS 


From preliminary experiments on the effects of chloroplast concentration 
and light intensity on the rate of dye reduction, the proper concentrations 
and light intensities for action spectrum measurements were determined. 
The chloroplast concentrations, in terms of chlorophyll content, used for 
different parts of the spectrum were as follows: 405 to 450 my, 0.0034 
mg./ml.; 460 to 560 my, 0.0102 mg./ml.; 560 to 650 mp, 0.0102 mg./ml.; 
650 to 720 mp, 0.0068 mg./ml. The fraction of the incident light absorbed 
by the chloroplasts was below 15° for most of the wave lengths used. 

Four sets of dye reduction measurements were made to cover the whole 
spectrum. For each set of measurements, a reference point at 670 mp was 
taken so that all measurements made with different preparations at different 
times could be compared. The rate of the reaction was determined as the 
reciprocal of the time required for reduction of 10% of the dye, corrected 
for the loss of activity of the chloroplast suspensions during measurement. 
The relative effectiveness of light of different wave lengths was thus ob- 
tained by dividing the rate of the reaction by the number of quanta incident 
upon the chloroplasts. The fraction of the total incident light absorbed by 
the dye at several wave lengths is shown in Table I. In caleulating the 
effectiveness, the fraction of light absorbed by the dye was subtracted from 
the ineident light intensity. 

The values of relative effectiveness, which were obtained from different 
sets of measurements, were adjusted by bringing their respective points at 
670 mp to the same height as that of the third set of measurements (desig- 
nated by circles solid at top and open at bottom in fig. 1), which was taken 
as a standard. For instance, the values obtained in the fourth set of meas- 
urements (circles open at left and solid at right) were multiplied by a factor 
of 1.53 while the expected value was 1.50, as the chlorophyll concentration 
used in the third set of measurements was 1.5 times stronger than the fourth. 
The second set (circles open at top and solid at bottom) was multiplied by 
a factor of 1.13, while the theoretical value was 1.00. A discrepaney was 


found in adjusting the set of measurements represented by open circles. 
Here, the values were adjusted according to the reference point at 436 mp. 
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TABLE I 
PERCENTAGE OF THE TOTAL INCIDENT LIGHT ABSORBED BY THE DYE. 





Percentage of incident light 


Wave length absorbed by the dye 





mu 


405 
436 
470 
500 
530 
555 
580 
600 
615 
630 
650 
680 
690 
710 
720 





The factor was found to be 2.57 instead of 3.0 as expected. This discrep- 
ancy could probably be explained by the decline of chloroplast activity, 
since four days had elapsed between the first and third set of measurements. 

A summary of results is given in table II and the action spectrum plotted 
from these data is shown in figure 1. The rate of dye reduction, R, as 
shown in the fourth column of this table, is the reciprocal of the time, t, 
multiplied by a correction factor for activity loss, f. This factor was ob- 
tained by measuring the activity of a standard preparation at different time 
intervals during the course of each series of measurements. Incident light 


10'* quanta 


intensity, I, expressed as , was calculated from photronie cell 


em.* min. 
readings and the relative effectiveness was obtained by dividing the rate, R, 
by I. A different adjustment factor, K, was used for each set of measure- 
ments in order to bring these measurements to an equal chlorophyll concen- 
tration basis and also to coincide with the absorption curve at 675 mp. These 
adjustment factors were calculated as follows: K, = 2.573 x 0.703 = 1.809; 
Kz = 1.131 x 0.703 = 0.795; Kz = 1.000 x 0.703 = 0.703; Kg = 1.526 x 0.703 = 1.073. 

Quantum requirement has also been calculated in this experiment. Here, 
quantum requirement is defined as the number of quanta required to reduce 
one molecule of dye. Ordinarily, experiments to determine quantum yield 
are carried out under the condition of higher absorption; this experiment, 
however, is designed to have a minimum amount of light absorbed by 
chlorophyll so as to give more accurate measurement of the action spectrum. 
The accuracy for quantum requirement as calculated from these data will 
be much less than that as determined by the complete absorption method, 


since the amount of light absorbed by the chloroplast suspension was gen- 
erally less than 15%. Due to the rapid and variable loss of activity of 
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TABLE 1 
ACTION SPECTRUM MEASUREMENTS. 


t f I 

Correction Corrected 

Wave Time for 10% factor for rate of dye 

length dyereduction activity loss reduction 
of suspension (f/t) 





Incident intensity Relative 
corrected for effective- 
dye absorption ness 





cm.? min. 


(mu) (min.) (%/min.) (Zens) (Rx k/I) 


Exp. 1. Chlorophyll conc. = 0.0034 mg./ml. Adjustment factor, k, = 1:809 


405 35.4 1.01 2.85 6.78 7.60 
415 34.5 1,02 2.93 6.65 7.96 
430 27.8 1.04 3.74 5.82 11.63 
436 29.5 1.00 3.39 3.65 16.76 
440 21.0 1.07 5.10 6.18 14.91 
450 37.0 1,06 2.86 4.62 11.18 


Exp. 2. Chlorophyll conc. = 0.0102 mg./ml. Adjustment factor, k, = 0.795 


460 17.5 1.04 5.94 4.23 11.14 
470 28.0 1.06 3.79 3.45 8.62 
480 48.8 1.07 2.19 2.14 8.13 
490 25.2 1.09 4.33 6.28 5.48 
500 32.0 1.11 3.47 5.92 4.66 
520 56.0 1.15 2.05 4.73 3.44 
546 41.5 1.00 2.41 5.90 3.24 
555 43.0 1.20 2.79 5.98 3.70 
670 8.4 1.00 11.90 8.06 11.73 


Exp. 3. Chlorophyll conc. = 0.0102 mg./ml. Adjustment factor, k; = 0.703 


436 9.0 11.10 4.65 16.76 
570 70.0 1.44 3.81 2.65 
590 44.0 5.47 3.03 
615 38.1 6.22 3.20 
620 29.0 6.95 3.87 
625 29.0 6.30 4.30 
630 29.2 6.13 4.44 
650 16.0 7.91 6.55 
670 7.5 7.96 11.74 


be 
a 


YPNYSWwWNN 
SSSRBE 


_— 
+ 


Exp. 4. Chlorophyll conc. = 0.0068 mg./ml. Adjustment factor, k, = 1.073 


650 22.2 1.00 4.51 7.35 6.58 
655 17.5 1.00 5.71 8.40 7.29 
660 12.3 1.00 8.13 11.59 7.32 
670 7.0 1.00 14.30 13.06 11.74 
670 9.4 1.00 10.60 9.65 11.79 
675 6.5 1.00 15.40 13.54 12.20 
680 6.5 ‘ 15.40 13.81 11.96 
690 24.1 e 4.23 13.15 3.45 
700 101.0 F 1.02 16.22 0.68 
710 102.0 é 1.03 23.56 0.47 
720 137.5 é 0.77 22.33 0.37 
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Fic. 1. The action spectrum for dye reduction by chloroplasts as compared with 
their absorption spectrum (-@-@-). For action spectrum of dye reduction, different 
symbols represent different sets of measurement (see text) 


chloroplasts when isolated from the cells, the quantum yields reported here 
may have little significance in relation to the yield in healthy plants. It 
does, however, give a measure, in absolute units, of the rate of the photo- 
chemical reaction of which the action spectrum is being determined. The 
results and calculations for quantum requirement are shown in table ITI, 
which only covered the wave lengths near the red maximum. The average 
value of quantum requirement is found to be 13.1 + 1.47 per molecule of 
dye or 26.2 quanta per oxygen molecule. 

It has been found that the reduction of phenol indophenol by illuminated 
chloroplasts is stoichiometrically related to the amount of oxygen liberated 
according to the following formula (14): 


light 
2 In +2 H,0 2 InH, + O, 


chloroplasts 
If we assume the reduction of 2,6-dichlorophenol indophenol also follows 
this equation, the quantum requirement for each molecule of oxygen liber- 
ated should be twice the value calculated, /.c., 26. This value is in the range 
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TABLE III 


CALCULATION OF QUANTUM REQUIREMENT FOR DYE REDUCTion 
AT SEVERAL WAVE LENGTHS. 


"aan Time required Total number of * Number of quanta 


for 10% dye  quantaabsorbed eduired to reduce 


‘ one molecule 
reduction by chlorophyll of dye 


chlorophy!1 
per second 





(1 x 10°?) (1x 10° sec.) (1 x 10%) 


650 10.1 0.93 9.7 13.9 
655 9.2 1.04 9.6 13.8 
660 19.8 0.74 14.6 20.9 
670 19.7 0.42 8.3 11.9 
670 14.4 0.56 8.1 11.6 
675 20.2 0.39 7.9 11.3 
685 14.9 0.39 5.8 8.3 





* Total number of dye molecules present. in the cell is 6.97 x 105. 


of the measurements of FrENcH and Rasipeav (6) with spinach and Trades- 
cantia chloroplasts. 


Discussion 


Theoretically, an action spectrum of a photobiological process should 
match the absorption spectrum of the light absorber which is responsible for 
the process involved. Actually, close agreement between these two is ob- 
tainable only in ideal cases. Because of complications such as the presence 
of other light absorbers, light scattering, ete., the action spectrum may differ 
considerably from the absorption spectrum of biological material. In order 
to facilitate the comparison of the action spectrum for the photochemical 
evolution of oxygen by isolated chloroplasts with the absorption spectrum of 
the chloroplasts, curves for each were plotted together in figure 1. The ab- 
sorption spectrum of the chloroplasts was measured by the photronie cell in 
the same set-up. A more concentrated chloroplast suspension, containing 
0.059 mg. of chlorophyll per ml. of mixture, was used for the absorption 
measurements, so that the amount of light absorbed by chlorophyll could be 
measured more accurately. Since Beer’s law was found to hold at this con- 
centration, the percentage of light absorbed was then calculated for the more 
dilute concentration used for action spectrum measurements. The points of 
the action curve were multiplied by a factor of 0.703 to bring this curve 
to the same height as the absorption curve at 675 muy. 

A comparison of the two curves shows clearly that the positions of the 


maxima agree very well. The agreement in shape is close between 650 mp 
to 685 mp. Beyond 690 my the action spectrum falls below the absorption 


curve. A plausible interpretation for such a drop was given by EMERSON 
and Lewis (3). They suggested that the light quanta of this spectral region 
no longer provide sufficient energy for the photochemical process. The dis- 
crepancy between these two curves becomes more pronounced toward the 
blue region of the spectrum. One of the possible explanations which may 
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account for this discrepancy in the blue light may be the difference among 
the intrinsic photosynthetic activities of the individual pigments involved. 
As pointed out by Smiru (17), in order to make a rigorous determination 
of what pigments are active in photosynthesis and to what extent, it would 
be necessary to determine quantitatively the absorption of each pigment in 
the organism at each wave length and compare this with the amount of 
photosynthesis produced. However, this procedure is impossible at the pres- 
ent time, because there is no way to determine the absorption of each pig- 
ment individually in the living organism. As an alternative procedure, 
determination of the absorption of the extracted pigments has been resorted 
to, but the absorption spectra in the extracts differ from those in the living 
organisins and the magnitude of the differences vary from organism to 
organism. For instance, even in the rather simple Chlorella cells, the ab- 
sorption spectra of the extracted pigments and of the intact cells have been 
found to differ significantly (4). Therefore, to what degree the absorption 
by the various pigments in the extract may represent their proportionate 
absorption in the living cells is uncertain. The best way to test what pig- 
ments are active in photosynthesis is perhaps to determine the quantum 
yield of photosynthesis at different wave lengths of light and to compare 
this with the absorption of the pigments. The results of the quantum yield 
measurement with Chlorella, as reported by EMerson and Lewis (4), showed 
that the quantum yield decreased conspicuously in the spectral region where 
the carotenoids absorbed light. In other words, this proves that carotenoids 
as a whole are not as photosynthetieally active as chlorophylls. Judging 
from the relatively low blue maximum in the action spectrum when com- 
pared with the absorption spectrum as shown in figure 1, and the diserep- 
ancy in the blue-green spectral region, at least a part of the light absorbed 
by carotenoids in this region must also be ineffective in the Hill reaction. 
Another reason which should be considered is that the seattered light gives 
an apparent absorption which is too high. During the measurement of the 
absorption spectrum with the photronie cell, only transmitted light is re- 
corded. If a fraction of the light has been scattered and reflected, the 
amount of light recorded as absorbed light will be higher than it should be. 
This is especially true where light absorption is low, as in the green spectral 
region and beyond 690 mp. However, since the absorption measurement 
was made with the photronic cell placed just behind the thin absorption cell, 
it is improbable that the scattering errors were appreciable. 

The action speetrum for the chloroplasts was measured in very thin sus- 
pensions. In the region of low absorption the optieal density, E, of a solu- 
tion is very closely proportional to the fractional absorption, A, to which 
it is related by Beer's law: 


E = log,, —— 
1 
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Therefore, in order to compare the chloroplast results with the shapes of 
absorption and action curves measured in algae absorbing 50 or more of 
the light, it is necessary to convert the algal absorption data to optical 
density by the above equation. Similarly, the action curves for algae were 
converted to what we may call active optical density. 

Comparisons of the action spectrum of the Hill reaction with that of 
photosynthesis are presented in figures 2 and 3. The active absorption curve 
of Chlorella (4) was recalculated into active optical density in order to per- 
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Fic. 2. Comparison of the action spectrum for dye reduction by chloroplasts with 
that for Chlorella photosynthesis (Emerson and Lewis). 


mit a direct comparison with the chloroplast action spectrum. The same 
treatment was given to the action curve of Ulva (8) in figure 3. Their 
respective points at 675 mp were adjusted to coincide with that of the action 
spectrum of the Hill reaction. Here we may note the close agreement be- 
tween these spectra. The sudden drop at wave lengths beyond 690 my» in 
these curves is almost identical. The wave lengths of the maxima at the 
red spectral region correspond excellently, especially in figure 3. The posi- 
tions and the relative heights of the blue maximum are also close, consider- 
ing the different types of plants employed. However, there is a consistent 
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discrepancy between these curves in the blue-green region. The action spee- 
trum of the Hill reaction usually is below that of photosynthesis. It is 
interesting to point out that an analogous experiment has been reported for 
Rhodospirillum rubrum (18). The maxima and minima of the action spectra 
of photosynthesis and of phototaxis were found to coincide, thus confirming 
the direct connection between these two processes. However, the photosyn- 
thesis spectrum as a whole was situated on a higher level than the photo- 
taxis spectrum in the region where the carotenoids absorb. The fact that 
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Fic. 3. Comparison of the action spectrum for dye reduction by chloroplasts with 


that for Ulva photosynthesis (Haxo and Blinks) 


the action spectrum of the photochemical dye reduction by chloroplasts is 
closely parallel to the absorption spectrum of chloroplasts as well as to the 
action spectra of photosynthesis of different organisms, strongly indicates 
that the same sensitizing pigments are responsible in both photochemical 


processes. Thus, the identity of these processes is highly probable. 


Summary 


1. A method of measuring the action spectrum for the photochemical 
action of isolated chloroplasts has been described. 

2. The rate of dye reduction has been found to be proportional to the 
chloroplast concentration and to the light intensity within the range used 
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for action spectrum measurements. The rate is independent of temperature 
at the low light intensities used. 

3. An action spectrum for this reaction has been obtained which has two 
sharp maxima at 436 my and 675 mu. 

4. The action spectrum of this reaction has been compared with the 
absorption spectrum of a chloroplast suspension and with the photosynthetic 
action spectra of both Ulva and Chlorella. 

5. The approximate quantum requirement for the reduction of one mole- 
cule of dye in the preparation has been found to be 13.1 = 1.47 or about 
26 quanta per oxygen molecule liberated. 

6. All these findings are consistent with the view that the Hill reaction 
is the primary photochemical step of photosynthesis. The action spectrum 
of this reaction thus may be interpreted as a measure of the spectrum effee- 
tiveness for the photosynthetic process in chloroplasts of a higher plant. 

7. Since the blue peak of the action spectrum is lower than the corre- 
sponding absorption peak and is quite sharp, the carotenoids appear to act 
more as internal light screens than as photocatalysts. Lacking quantitative 
measurements of the fraction of light absorbed by chlorophyll and by caro- 
tenoids, it cannot be said that carotenoid participation is excluded. 

The writer is indebted to Dr. C. 
and for his invaluable advice throughout the course of this study. 


S. French for suggesting the problem 
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That growth of the coleoptile may be inhibited when iodoacetate is sup- 
plied to the roots of Avena plants was shown by ALBAUM and COMMONER 
(1) and ALBAUM and EicHeu (2). A growth response to potassium salts of 
several organic acids in the presence of iodoacetate was interpreted as a re- 
versal of iodoacetate inhibition. A reinvestigation of these responses (8) 
showed increased growth of the coleoptile to result when seedlings were 
grown in solutions of inorganic potassium salts as well as potassium salts of 
organic acids both in the presence and absence of iodoacetate. There were 
smaller responses to inorganic sodium salts as well as sodium salts of. or- 
ganic acids. It was concluded that the growth response which results when 
potassium salts of several organic acids are supplied to the roots of intact 
Avena seedlings in the presence of iodoacetate may not be attributed to spe- 
cific reversal of iodoacetate inhibition by organic anions. 

These results with intact seedlings call into question similar experiments 
where isolated coleoptile sections have been used. COMMONER and THI- 
MANN (7) reported reversal of iodoacetate inhibition by potassium malate 
and fumarate. Respiration was shown to be only slightly inhibited by « 
concentration of iodoacetate which completely inhibited growth. The thesis 
was developed that only a small portion of the total respiration is involved 
in the growth process and that in this portion the four carbon acids are in- 
volved. THIMANN and BoNnNER (13) extended these investigations and re- 
ported growth stimulation to result from the potassium salts of a number of 
organic acids of the Krebs cycle. The potassium salts of certain of these 
acids and of malonic acid were also reported to reverse iodoacetate inhibi- 
tion. In these experiments comparison was made between growth of sections 
cultured in solutions of indoleacetie acid and sucrose as controls and sections 
grown in solutions to which potassium salts of organic acids were also 
added. Thus, the treated sections differed from the controls not only in 
addition of the organic anions, but also in the addition of potassium. Such 


comparisons appear questionable in view of the early growth response in 
the coleoptile resulting when intact seedlings are supplied with potassium 
salts as noted above, and also especially in light of the results of THIMANN 
and ScHNEIDER (15), who showed considerable increase in elongation of 
coleoptile sections to result when potassium chloride was supplied. 


1 Published by the permission of the Director of the Hawaii Agricultural Experi- 
ment Station as Technical Paper no. 226. 


“es 


19 














PLANT PHYSIOLOGY 


However, BonNeR (4) has presented other evidence that acids of the 
Krebs cycle participate in the metabolism of the Avena coleoptile. In par- 
ticular malonate inltibition of respiration and the reversal of this inhibition 
by acids of the Krebs cycle was shown. Yet, according to BONNER (5) the 
role of plant acids in the growth process remains obscure. 

The present study is concerned with 1. distinguishing the growth re- 
sponse to potassium from growth responses to organic acids, and 2. deter- 
mining whether an organic acid metabolism is essential for the growth proe- 
ess in the coleoptile. 


Materials and methods 


Coleoptiles from Victory oats were used for all experiments, a few ex- 
periments were’ repeated with the Black Norway variety. The glumes were 
removed and the seeds were soaked in distilled water for one hour. For 
germination and growth of the seedlings, the seeds were planted on moist 
filter paper which covered the bottom of an inverted Petri dish within a 
stacking dish. Distilled water was added to the level of the filter paper, and 
the stacking dish was covered with a glass plate to provide a saturated at- 
mosphere. This arrangement provided for adequate moisture at all times 
and allowed the roots to grow into water soon after emergence. The seed- 
lings were grown for 66 to 76 hours from the time of planting and were in 
darkness except for occasional periods of weak orange light. The mesocoty] 
grew to a length of 10 to 20 mm. The coleoptiles used were 17 to 30 mm. 
in length (méan length of coleoptiles used is noted specifically for the ex- 
periments reported). Coleoptile sections were cut with a device made of 
razor blades spaced at 3 mm. intervals. Two sections were obtained from 
each coleoptile: the upper section starting 4 mm. from the tip (a section) 
and the lower section 7 mm. from the tip (b section). All a sections were 
randomized in a dish of distilled water, b sections in a separate dish. In 
most cases the a and b sections were used for separate replications of treat- 
ments, but in a few cases for separate experiments. For each treatment 20 
sections from a given position on the coleoptile were floated on 50 ml. of so- 
lution in a Petri dish. The sections were measured under an eyepiece mi- 
crometer in a dissecting microscope after the desired growth period. All 
manipulations were carried out under orange-red neon light having spectral 


bands only at wavelengths above 5900 A. 


Pure indole-3-acetie acid (IAA) was used for all treatments. Suecinic, 
fumaric, and malonie acids (Eastman’s) were recrystallized twice before 
use. The 1l-malie acid, arginine hydrochloride, fructose and barium salts of 
fructose-6-phosphate and phosphoglycerate were obtained from Nutritional 
Biochemicals Corporation. Solutions of barium salts of fructose-6-phos- 
phate and phosphoglycerate were freed of barium by precipitation with a 
slight excess of sodium sulphate. Sodium and potassium pyruvates were 
prepared from Eastman’s pyruvic acid by the procedure of RoBERTsoN (10). 
All solutions were prepared with water which had been redistilled over per- 
manganate in an all glass still. 
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Experimental results 
INFLUENCE OF SODIUM AND POTASSIUM SALTS UPON GROWTH 


Experiments were conducted to determine whether the coleoptile growth 
response to potassium salts of organic acids supplied at pH 6.5 is a response 
to the organic anions as previously reported (13), or a response to potas- 
sium. For this study [AA was used at a concentration of 1 mg./liter and 
sucrose at a concentration of 10 gm./liter in all treatments. Where the 
sodium or potassium salt of succinate, fumarate, malate, or malonate was 
to be added, the acid was neutralized to pH 6.5 with NaOH or KOH de- 
pending upon the cation desired. In other treatments sodium or potassium 


TABLE I 


GROWTH RESPONSE TO VARIOUS SODIUM AND POTASSIUM SALTS. MEAN GROWTH 
OF COLEOPTILE SECTIONS, IN 1% SUCROSE AND 1 MG. IAA/L. AT 27-28 C. 
INITIAL pH = 6.5. 








Victory Black Norway 








Addenda 





Control Growth Control 





% mm,* % 


100 2.22 100 
106 1.66 75 
127 2.38 107 
106 1.82 82 
126 2.52 

101 1.63 

124 2.39 

99 1.95 

129 2.49 

111 1.80 

135 2.19 

90 1.40 

110 2.56 


None 

Sodium succinate 0.001 M 
Potassium succinate 0.001 M 
Sodium fumarate 0.001 M 
Potassium fumarate 0.001 M 
Sodium malate 0.001 M 
Potassium malate 0.001 M 
Sodium pyruvate 0.002 M 
Potassium pyruvate 0.002 M 
Sodium malonate 0.001 M 
Potassium malonate 0.001 M 
Sodium sulphate 0.001 M 
Potassium sulphate 0.001 M 
Sodium chloride 0.002 M 112 1.88 

Potassium chloride 0.002 M 132 2.65 

Sodium nitrate 0.002M ove 2.20 

Potassium nitrate 0.002 M seve wove 2.50 113 
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*Least significant differences: Victory, 0.25 mm. at p = 0.05 and 0.35 mm. at p = 
0.01; Black Norway, 0.36 mm. at p = 0.05 and 0.49 mm. at p= 0.01. 


salts were used and the reaction of the solution was adjusted to pH 6.5 with 
a small amount of NaOH. The results reported are mean values from a and 
b replications in each experiment. In each case the replications produced 


the same qualitative results with respect to comparisons between the sodium 
and potassium salt of the same anion. In table I are shown results of ex- 
periments with Victory and Black Norway oats. In each experiment the 
seedlings were 74 to 75 hours of age at the time of cutting the sections. Sec- 
tions were cut from coleoptiles having mean lengths of 27.5 mm. for Victory 
and 24.9 mm. for Black Norway oats. In the Victory oat experiment the 
pH values of the media were determined after 44 hours of treatment. Solu- 
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tions containing malate, fumarate, succinate, or malonate had pH values 
within 0.25 units of the initial value of pH 6.5. The reactions in solutions 
containing pyruvate ranged between pH 5.1 and pH 5.9. In the control 
solutions and solutions containing sulphate or chloride, the range was pH 
3.9 to pH 4.6. 

Results in table I show growth responses to potassium salts of succinate, 
fumarate, malate, and pyruvate in Victory oat coleoptiles grown in solutions 
for 44 hours. However, growth increases also resulted from treatment with 
potassium sulphate and potassium chloride. The sodium salt of each acid 
resulted in either no response or a response smaller than that obtained 
from the corresponding potassium salt. In the Black Norway variety (sec- 
tions grown in solutions for 33 hours) results were generally similar except 
that most of the sodium salts resulted in some growth inhibition, and the 
potassium salts produced only slight positive responses, if comparison is 
made with the control which received no salt. Common to results for both 
varieties were consistent growth responses to potassium salts when com- 
pared with corresponding sodium salts. Each of these responses was sta- 
tistically significant except for the comparison between sodium nitrate and 
potassium nitrate for Black Norway coleoptiles. 

The data in table I are sufficiently consistent to show that potassium is 
responsible for the principal growth increases and that the organic anions 
produce no growth responses which cannot be approximated by inorganic 
anions under these conditions. The magnitude of response to potassium, 
however, is somewhat less than might be expected from results obtained 
with intact ptants (8). This consideration leads to an investigation of other 
factors which might be limiting growth in the coleoptile sections. 


INTERACTIONS OF POTASSIUM CHLORIDE WITH MANGANESE SULPHATE 
AND ARGININE 


Bonner (5) cultured Avena coleoptile sections at pH 4.5 and showed 
that at this reaction addition of arginine and manganese resulted in more 
elongation than was obtained in sucrose and IAA alone. It was of interest 
to determine whether a greater potassium response may be obtained in the 


presence of either or both of these factors. Maximum growth response to 
KCl was reported in the concentration range of 0.01 M by THimMann and 
ScHNeEwweR (15). An experiment was conducted to determine the optimum 


concentration range for MnSQ, in the presence of sucrose (10 gm./liter), 
IAA (1 mg./liter), and KCl] (0.01 M). Avena seedlings were grown for 75 
hours. The mean coleoptile length was 26.1 mm. Means of a and b repli- 
cations are reported in table II and indicate a concentration of 5x 10¢*M 
MnSO, to be in the optimum range under these conditions. 

Results of an experiment showing interactions of potassium chloride, 
manganese sulphate and arginine hydrochloride are reported in table ITI. 
Victory oats 72 hours of age were used. The mean length of coleoptiles used 
was 22.5 mm. The concentration of arginine used was 100 mg./1., the opti- 
mum reported by BonNer (5). Concentrations of other constituents were 
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TABLE Il 


GROWTH OF AVENA COLEOPTILE SECTIONS DURING 35 HOURS IN SEVERAL 
CONCENTRATIONS OF MANGANESE SULPHATE AT 27 TO 28°C. 
ALL SOLUTIONS CONTAINED SUCROSE, 10 GM./L.; IAA, 
1 MG./L.; KC1,0.01M. INITIAL pH 6.5. 





Concentration 
of MnSO, 





M 


None 

§ x 10°6 
5x 10~ 
1x 10° 
5x lo 





those previously used. The reaction of all solutions was adjusted to pH 
6.5 with NaOH but had drifted to the range of pH 3.8 to 4.2 during the 45 
hours of treatment. Addition of manganese sulphate alone increased growth 
only slightly. Potassium chloride alone resulted in a greater increase; 
whereas, arginine alone produced some growth inhibition in this experiment. 
The conspicuous result of the experiment was the interaction between KCl 
and MnSO,, v.e., the response to addition of both of these salts far exceeded 
the sum of the responses to each added separately. In the presence of KCl, 
MnSQ,, or both of these salts, the addition of arginine resulted in increased 
growth. However, the growth in solutions containing MnSO,, KCl, and 
arginine did not greatly exceed growth in solutions of MnSO, and KCl. 
Finally, the growth response to KC] was greater in the presence of MnSO, 
than in the presence of MnSO, and arginine. In connection with these re- 
sponses to arginine it is noted that THIMANN and BoNNeR (14) obtained 
positive growth responses to arginine where sections from older coleoptiles 


(72 or 96 hours of age) were used, but some depression of growth for 
younger coleoptiles (64 hours of age). 


TABLE III 


INTERACTIONS OF POTASSIUM CHLORIDE, MANGANESE SULPHATE AND ARGININE 
IN THE GROWTH OF THE AVENA COLEOPTILE. MEAN GROWTH (MM.) OF A 
AND B REPLICATIONS AT 27-28 C IN 1% SUCROSE AND 1 MG, LAA/L. 





Period of treatment 
Addenda 





22 hrs. 45 hrs. 





None 2.02 2.30 
MnSO,, 5 x 107*M 2.03 2.46 
KCl, 107M 2.60 3.35 
Arginine, 100 mg./1. 1.18 1.30* 
MnSO, + KCl 3.74 4.97 
MnSO, + Arginine 3.10 4.15 
KCl + Arginine 3.18 4.06 
MnSO, + KCl + Arginine 4.18 5.66 





*These sections lost turgor. 
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The preceding experiment showed that the growth response to potassium 
chloride is greatly increased if the manganese requirement is satisfied. Fur- 
ther experiments were performed to determine the response to other potas- 
sium salts in the presence of manganese. Data for two such experiments 
are reported in table IV. Manganese sulphate at a concentration of 5 x 10+ 
M was used in all treatments in addition to 10 gm./liter sucrose and 1 mg. 


IAA/liter. The seedlings used were 72 hours of age in each experiment and 
mean coleoptile lengths were 28.2 mm. and 24.4 mm. for Victory and Black 
Norway varieties, respectively. All solutions were adjusted to pH 6.5. In 
treatments containing malate or succinate it was found necessary to neutral- 
ize the organic acid before addition of MnSO, to prevent discoloration of 
the solution. In each experiment there was a large, consistent response to 


TABLE IV 


GROWTH RESPONSE TO SODIUM AND POTASSIUM SALTS IN THE PRESENCE OF 
MANGANESE. MEAN GROWTH OF AVENA COLEOPTILE SECTIONS 
DURING 40 HOURS IN SUCROSE, 10 GM./L.; MNSO,, 5 x 10M; 

IAA, 1 MG/L. AT 27 C. 








Black Norway 
Addenda 








Growth Control Growth Control 





mm, % mm. 


None 2.33 100 2.19 
Sodium succinate 0.001 M 2.22 95 2.18 
Potassium succinate 0.001 M 3.50 150 3.50 
Sodium malate 0.001M 2.40 103 2.39 
Potassium malate 0.001 M 3.28 141 4.09 
Sodium pyruvate 0,.002M 2.53 109 2.43 
Potassium pyruvate 0.002M 3.51 151 4.28 
Sodium sulphate 0.001 M 2.57 110 2.81 128 
Potassium sulphate 0.001 M 3.29 141 4.51 206 
Sodium chloride 0,002 M 3.00 129 3.19 146 
Potassium chloride 0,002 M 4.32 185 4.96 226 





potassium. Sodium chloride resulted in a smaller but consistent increase 
in growth. The other sodium salts resulted in either no response or very 
small increases over the controls. 


RESPONSES TO SODIUM AND POTASSIUM SALTS IN THE 
PRESENCE OF SODIUM IODOACETATE 


Remaining to be explored is the reversal of iodoacetate inhibition by 
potassium salts of malonate and other acids. A number of experiments were 
performed in an attempt to obtain results similar to those reported by Tut- 
MANN and Bonner (13). In preliminary experiments some difficulty was 
encountered in reproducing responses reported by these authors when iodo- 
acetate was used in a concentration of 5 x 10° M. This was possibly due 
to the higher temperature of our experiments. It was also found essential 
to use younger coleoptiles than were used in the foregoing experiments (Thi- 
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mann and Bonner used 64 to 66 hour seedlings for this type of experiment). 
Under our conditions 4 x 10° M iodoacetate was found to be the highest 
concentration which could be used without serious loss of turgor and shrink- 
age of sections during the experimental period. For the experiments re- 
ported in this section 66 to 68-hour seedlings were used. Mean lengths of 
the coleoptiles ranged from 16.3 mm. to 18.9 mm. The temperature was 
26 to 28° C. 

Results from an experiment performed to investigate reversal of iodo- 
acetate by malonate are reported in figure 1. All solutions had 10 gm. of 
sucrose and 1 mg. of IAA per liter. Control solutions and solutions desig- 
nated iodoacetate were neutralized to pH 6.5 with NaOH. In the malonate 
treatments malonic acid was added to give a final concentration of 10° M 
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Fic. 1. Influence of sodium and potassium malonate upon growth of coleoptile sec- 
tions in the presence of iodoacetate (IOD). Iodoacetate is indicated by solid lines, 
absence of inhibitor by broken lines. 


and the solutions were neutralized to pH 6.5 with NaOH or KOH. All sec- 
tions were grown for a seven hour pretreatment period in the absence of 
iodoacetate but with the other designated constituents present. After the 
pretreatment period sections were transferred to solutions containing 4 x 
10° M iodoaceate in addition to the constituents previously present. The 
results in figure 1 simulate the results of THIMANN and Bonner (18, figure 
10) in that iodoacetate inhibition was apparently reversed by potassium 
malonate. It is noted, however, that growth in iodoacetate was increased 
only slightly by addition of sodium malonate. 

Results from an experiment showing the influence of sodium and potas- 
sium salts of 10* M 1-malate in the presence and absence of 4 x 105M 
iodoacetate are shown in figure 2. Particulars regarding neutralization and 
pretreatment were identical to those in the preceding experiment. In solu- 
tions containing iodoacetate but not malate the reaction drifted from pH 
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6.5 to pH 5.0 during the experiment. The final reaction in the iodoace- 
tate plus malate treatments was pH 7.0. Treatments were included to 
Which iodoacetate was not added, and are indicated in figure 2 by broken 
lines. The presence of iodoacetate is indicated by solid lines. In this ex- 
periment growth response to potassium malate in the presence of iodoace- 
tate is comparable to the result of THiMANN and BoNnNer (18, figure 10). 
Sodium malate had very little influence upon growth in the presence of iodo- 
acetate in this experiment. Sections growing in iodoacetate without malate 
lost turgor before 45 hours of treatment. Such loss did not occur in sections 
grown in solutions containing sodium malate in addition to iodoacetate. 
Another result shown in figure 2 is the considerable response to potassium 


malate in the absence as well as in the presence of iodoacetate. The ques- 
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Fic. 2. Growth of coleoptile sections in solutions containing sodium or potassium 
malate in the presence or absence of iodoacetate (IOD). Presence of iodoacetate is 
indicated by solid lines, ibsence by broken lines 


tion is raised as to whether the response to potassium malate in the presence 
of iodoacetate is a reversal at all. Thus, the degree of iodoacetate inhibition 
in the presence of potassium malate, 7e., the difference in growth between 
potassium malate and potassium malate plus iodoacetate, was comparable 
to the inhibition in the absence of potassium malate. It is evident from 
these experiments that potassium is at least necessary for most of the growth 
response which results when malonate or malate is supplied in addition to 
iodoacetate under these conditions, but whether the organic anion is also 
necessary remains to be shown. 

The influence of two inorganic potassium salts upon iodoacetate inhibi- 
tion was determined in the same manner. Results from such an experiment 
are shown in table V. For treatments including iodoacetate, sections were 
transferred to a fresh solution of 4 x 10° M iodoacetate plus other indicated 
constituents after seven hours of pretreatment in the absence of iodoacetate. 
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TABLE V 


THE INFLUENCE OF POTASSIUM CHLORIDE AND POTASSIUM SULPHATE UPON 
IODOACETATE INHIBITION IN UNBUFFERED SOLUTIONS. MEAN GROWTH OF 
SECTIONS (MM.) IN SUCROSE, 10 GM/L. AND IAA, 1 MG./L. 

INITIAL pH = 6.5. 











Period of treatment 


Addenda 





7 hrs. 20 hrs. 40 hrs. 





None ; 1.84 3.15 3.91 5.35 
0.002 M KCl 1.88 3.51 4.50 4.95 
lodoacetate ae 2.29 2.63 5.50 
0.002 M KCl + lodoacetate rane 2.40 2.04* 4.90 
0.001 M K,SO, + Iodoacetate sans 2.02 1.59* 4.50 





*Decrease in length of the sections resulted from loss of turgor during the 
experiment. 


This experiment shows that potassium chloride or potassium sulphate in the 
presence of iodoacetate produced no growth response but resulted in perhaps 
even greater inhibition than was found in iodoacetate alone. Although all 
solutions were adjusted to pH 6.5 initially the final pH values of the media 
show there was a drift towards more acid reactions during the experiment. 
The drift was greater in solutions containing potassium salts of chloride 
or sulphate. 

In a study of the respiration in barley roots Latirs (10) showed a rela- 
tionship between the pH of the medium and the degree of iodoacetate inhi- 
bition of respiration. JIodoacetate was much more effective at lower pH 
values and this relationship was ascribed to greater penetration of iodoace- 
tate at more acid reactions. Such a relationship if applicable to Avena 


TABLE VI 


INFLUENCE OF pH UPON IODOACETATE INHIBITION OF GROWTH DURING A 
14-HOUR PERIOD. ALL SECTIONS GROWN IN SUCROSE, 10 GM./L. AND 
IAA, 1 MG./L. CONCENTRATIONS OF ADDENDA: PHOSPHATE, 0.01 M; 

IODOACETATE, 2 x 1073 M. 


Growth in iodoacetate 

Addenda Seni as per cent. of con- 

: trol or control plus 
phosphate 








None 
lodoacetate 


a 


Phosphate 
Phosphate + iodoacetate 


Phosphate 
Phosphate + iodoacetate 


Phosphate 
Phosphate + iodoacetate 
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*Sections had lost turgor at the time of measurement. 
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coleoptile sections could explain the more severe iodoacetate inhibition 
which occurs in unbuffered solutions and where there is considerable drift 
in the pH value during the course of the experiment, e.g., table V. An ex- 
periment was, therefore, conducted to determine the influence of pH upon 
iodoacetate inhibition of growth in the Avena coleoptile. Sections were 
grown in solutions containing sodium phosphate buffers (0.01 M with re- 
spect to phosphate) adjusted to the designated pH values. A parallel series 
of treatments contained 2 x 10° M _ iodoacetate in addition. The pH values 
of the media were determined periodically. The pH value of each solution 
containing phosphate was maintained within 0.1 pH unit for a period of 14 
hours. Growth of the sections during this period is shown in table VI. At 
pH 4.5 some growth inhibition resulted from phosphate alone. However, 
the influence of pH upon iodoacetate inhibition is clear. In column 4 
growth in iodoacetate is expressed as percentage of growth in the corre- 
sponding solution lacking iodoacetate. Relatively little inhibition resulted 
from 2 x 10° M iodoacetate when the reaction was controlled at pH 6.5, but 
there was considerable inhibition at lower pH values. 

teversal experiments of the type reported in figures 1 and 2 were per- 
formed wherein sodium and potassium phosphate (10% M phosphate) were 
employed instead of malonate or malate. Mean results from a replicated 
experiment of this type are shown in figure 3. In one replication of this ex- 
periment pH values of the media were determined at intervals. Changes 
in the pH values of solutions containing iodoacetate are shown in figure 3. 
The growth response to potassium phosphate in the presence. of iodoacetate 
is comparable to responses to potassium malonate (fig. 1) and potassium 
malate (fig. 2) demonstrating that an organic anion is not necessary for 
such a result in the presence of iodoacetate. There was also a notable dif- 
ference in the degree of iodoacetate inhibition depending upomthe presence 
or absence of sédium phosphate. It may be seen that the solutions contain- 
ing phosphate were adequately buffered, but in the absence of phosphate 
considerable change in pH occurred. 

The greater iodoacetate inhibition in the absence of phosphate is readily 
explained as resulting from increased penetration of inhibitor as the reaction 
of the medium became more acid. Phosphate is a more effective buffer than 
malate or malonate at pH 6.5. However, the small response to sodium ma- 
lonate in the presence of iodoacetate (fig. 1) and the maintenance of turgor 
in sections treated with sodium malate and iodoacetate (fig. 2) may now be 
attributed to the action of malonate and malate as buffers in the culture 
media 

{esponses to potassium were shown where solutions containing iodoace- 
tate were buffered at pH 6.5 with malonate, malate, or phosphate (fig. 1, 2 


and 3). Under these conditions the pH was controlled and iodoacetate inhi- 


bition was not excessive. Potassium gave no growth response in the pres- 
ence of iodoacetate where the solutions were not buffered (table V). Here 
the pH of the medium drifted to more acid reactions and iodoacetate pene- 
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tration apparently became sufficiently great not only to prevent a potassium 
response, but to result in loss of turgor in the sections. 


ORGANIC ACIDS IN RELATION TO GROWTH 


The foregoing experiments have shown growth responses to potassium 
salts of organic acids supplied at pH 6.5. These responses must be attrib- 
uted to potassium and not to the organic anions. However, BONNER (4) 
has presented rather conclusive evidence for the existence of a succinic de- 
hydrogenase system in the Avena coleoptile. Malonate inhibition of res- 
piration and reversal of malonate inhibition have been shown. It seems, 
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Fic. 3. Growth of coleoptile sections in solutions containing sodium or potassium 
phosphate in the presence or absence of iodoacetate (IOD) and changes in pH of the 
culture media. Presence of iodoacetate is indicated by solid lines, absence of inhibitor 
by broken lines. 


therefore, that if the succinic dehydrogenase system is necessary for growth, 
it should be possible to show similar inhibition and reversal in terms of 
growth response. Experiments were conducted using Avena seedlings 72 
hours of age. Mean lengths of coleoptiles used in these experiments ranged 
from 22 mm. to 27 mm. Potassium chloride and manganese sulphate were 
added to the culture media, since these salts have been shown to produce 
rather large growth responses when added together in the presence of su- 
crose and IAA (table III). The concentration of MnSO, was that previ- 
ously used (5 x 104 M). Experiments were performed to determine whether 
the concentration of KCI previously employed (0.01 M) was satisfactory. 
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TABLE VII 


MEAN GROWTH OF AVENA COLEOPTILE SECTION IN SEVERAL CONCENTRATES 
OF POTASSIUM CHLORIDE. CONCENTRATION OF CONSTITUENTS PRESENT 
IN ALL MEDIA: SUCROSE, 10 GM./L.; MNSO,, 5 x 10*M; 

IAA, 1MG./L. 


Concentrations eriod of growth 


of KCl 











20 hrs. 40 hrs. 





mm. mm. 


None 3.57 4.20 
0.001 M 4.90 6.58 
0.002 M 4.93 6.65 
0.005 M 4.62 6.29 
0.01M 4.62 6.56 
0.05M 3.94 





Results from such an experiment are shown in table VII. Figures reported 
for this experiment are means of a and b replications from two oceasions, 7.e., 
each figure is the mean growth of 80 sections. This experiment and others 
indicate little difference in growth in the range between 0.001 M and 0.01 M 
KCl under these conditions. A concentration of 0.002 M was selected some- 
what arbitrarily, since only negligible increase in growth resulted when the 
concentration was increased from 0.001 M to 0.002 M. The selected concen- 
tration (0.002 M) was preferred to higher concentrations, since it allows 
for addition of other salts without imposing an excessive total salt concen- 
tration upon the tissues. 

In unbuffered solutions containing sucrose there is considerable drift in 
pH during the course of an experiment, e.g., figure 3. Where an organic 
acid is included as a constituent, the solution may be buffered adequately, 
but the drift in pH remains a problem in other solutions. The use of phos- 
phate buffer is not always desirable, since at lower pH values some inhibi- 
tion results in concentrations sufficient to buffer the solution (table VI). At 
higher pH values, phosphate results in precipitation of manganese. In table 


TABLE VIII 


THE INFLUENCE OF SUBSTRATE UPON GROWTH OF COLEOPTILE SECTIONS 
AND pH OF THE MEDIUM. SECTIONS GROWN FOR 40 HOURS IN KCI, 
2x 107°M; MNSO,, 5 x 10™4M; IAA, 1 MG./L. 


Substrate iti Final Growth 





mm. 
None 
1% sucrose 
1% fructose 


1% sucrose . 
1% fructose 


58 
-65 
-65 

64 

44 


2 
6 
6 
None : 2 
6 
6 


61 
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VIII are shown results of an experiment with unbuffered solutions contain- 
ing sucrose, fructose, or no substrate. When the initial reaction was pH 6.5, 
there was considerable pH drift in each treatment, but the change was 
greatest where sucrose was used. When the reaction was adjusted to pH 
5.0 initially, there was little change in the pH values during 40 hours in 
fructose or in the absence of substrate, but a drift to pH 4.3 resulted in su- 
crose. Growth in fructose was comparable to growth in sucrose. 

On the basis of the information and considerations noted, the basic 
medium for subsequent experiments contained MnSQ, at a concentration of 
5 x 104 M, KCl at 0.002 M and IAA at 1 mg./liter. Where a carbohydrate 
substrate was desired, fructose was used at a concentration of 10 gm./liter. 
Where organic acids or esters were used, these were neutralized to the desired 
pH with NaOH. The variability in growth of sections in control solutions 


TABLE IX 


INFLUENCE OF pH UPON GROWTH RESPONSES TO MALONATE AND SUCCINATE. 
AVENA SECTIONS GROWN FOR 24 HOURS IN MNSO,, 5 x 10-*M; KCI, 
2x 107°M; IAA, 1 MG./L. MEAN GROWTH OF SECTIONS 
IN MILLIMETERS. 





oH Experiment 84* Experiment 85** 








Addenda Addenda 





None -003 Mmalonate None .005 M succinate 


1.52 1.56 1.71 1.84 


1.70 tes 1.98 
1.55 L727 2.12 
0.22 ¢ i 2.33 
0.16 + 1.7 2.36 





*Experiment 84: mean length of 20 b sections. 
**Experiment 85: mean lengths of a and b replications (40 sections). 
tComplete loss of turgor resulted during the experiment. 


without substrate was estimated by growing six lots of 20 sections for each 
coleoptile position (a and b). The standard error of the mean was deter- 
mined for each lot. The mean of these standard errors was used as the best 
estimate of the standard error for 20 sections. The mean growth of a sec- 
tions was 2.96 mm. and the mean standard error = 0.1027 mm. The differ- 
ence required for significance between two means having this standard error 
would be 0.30 mm. at the 5% fiducial limit and 0.42 mm. at 1%. For the b 
sections the mean growth was 1.93 mm., the mean standard error + 0.0847, 
and the required differences would be 0.25 mm. and 0.34 mm. for the 5% 
and 1% levels, respectively. 

The influence of malonate and succinate upon growth of Avena coleop- 
tile sections at several pH values is shown in table IX. In these experi- 
ments the pH of the medium remained within 0.1 unit of its initial value for 
each treatment where malonate or succinate was included. Malonate inhi- 
bition of growth at pH 5.0 and pH 4.5 was severe and complete within 24 
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hours, but at higher pH values this inhibitor had little or no influence upon 
growth. Positive growth response to succinate was also shown. This, too, 
was dependent upon the pH of the medium, the greatest response resulting 
at pH 5.0 and pH 4.5. 

Results from two experiments on reversal of malonate inhibition are 
shown in table X. For the experiment conducted at pH 5.0 succinate, fuma- 
rate, and pyruvate were highly effective in preventing malonate inhibition. 
In the experiment where solutions were adjusted to pH 4.5 succinate and 
fumarate were less effective, despite the lower concentration of malonate 
used. An influence of pH upon the relative effectiveness of different organic 
acids in preventing malonate inhibition may be brought about through 
altering relative penetration rates of malonate and the other acids. Such 


TABLE X 


INFLUENCE OF VARIOUS SUBSTRATES AND METABOLITES UPON MALONATE 
INHIBITION. MEAN GROWTH OF SECTIONS DURING 42 HOURS IN MNSO,, 
5 x 107*M; KCl, 2 x 107-°M; AND IAA, 1 MG./L. AT 27TO 28 C. 


Experiment 82 Experiment 76 
pH 5.0 pH 4.5 
Addenda en 
Without With .003M Without With .0025M 
malonate malonate malonate malonate 











mm, mm. mm 


0.42* 1,22 0.31* 
= 0.24* 


a 
3 


None 

0.005 M sodium sulphate 

1 per cent. fructose 

0.0025 M fructose-6-phosphate 
0.0025 M phosphoglycerate 
0.010 M pyruvate 

0.005 M succinate 

0.005 M 1-malate 

0.005 M citrate 1.15 
0.005 M fumarate 0.42 
0.005 M acetate ; ; & 0.00* 


CO me 
nin 
COR 
—o 
co 
m— Hh 

oo 


0.64* 


8 


<p it 


1.89 
0.40 
1.51 


— i et DO ee 
SrwONRD 
rPNWOUoON 
— ee ee 
wom 


SSSR: 





*These sections lost turgor. 


an interpretation is in accord with the findings of Laties (10) for malonate 
inhibition of respiration in barley roots. Under the conditions of his experi- 
ments there was constant inhibition at pH 4.5, but at pH 5.0 there was 
gradual recovery from inhibition. This was attributed to less rapid penetra- 
tion of malonate at pH 5.0 allowing for gradual reversal as succinate 
accumulated. 

In the experiments reported in table X, inhibitor and metabolite were 
supplied simultaneously. With the exception of acetate each of the provi- 
sional metabolites added resulted in more or less reversal of malonate inhi- 
bition. Under these conditions, growth was not completely inhibited imme- 
diately; and it appears that any metabolite which could be absorbed and 
could act as a source of succinate was capable of reversing or preventing 
malonate inhibition to some extent. 
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In another experiment, sections were first treated with malonate for a 
period of six hours, during which time nearly complete inhibition of growth 
resulted. After this pretreatment, sections were transferred to solutions 
containing other addenda as well as malonate. Growth of these sections is 
shown in table XI. Addition of pyruvate or fructose to malonate inhibited 
sections resulted in only insignificant growth if comparison is made with 
the sodium sulphate treatment. Addition of sodium sulphate appeared to 
alleviate the loss of turgor in the presence of malonate to some degree, but 
there was only insignificant growth in the sodium sulphate treatment be- 
tween 7 and 47 hours. Where fumarate or succinate was added a definite 
reversal of inhibition resulted. Addition of succinate plus fructose resulted 
in more growth than succinate alone. The time course of growth for some 


TABLE XI 


REVERSAL OF INHIBITION AFTEK TREATMENT WITH MALONATE FOR SIX HOURS. 
COLEOPTILE B SECTIONS GROWN IN KC], 2 x 10-°M; MNSO,, 5 x 10-*M; 
IAA, 1 MG./L. AT 27 TO 28 C, pH 5.0. 


Growth d eri 


ng 
Concentrations Addenda after six 
of malonate hrs, pretreatment six hrs. 47 hrs. 


pretreatment total 








mm, mm, 


None None 0.69 1.59 
0.003 M None 0.41 0.20* 
0.003 M 0.005 M sodium sulphate oe 0.51* 
0.003 M 0.01 M pyruvate foe 0.62 
0.003 M 10 g/l. fructose ep 0.61 
0.003 M 0.005 M fumarate Re 1.19 
0.003 M 0.005 M succinate ee 1.05 
0.003 M 0.005 M succinate + 

10 g./l. fructose on 1.65 








*These sections lost turgor. 


of these treatments is shown in figure 4. Here, it is illustrated that fructose 
alone cannot reverse malonate inhibition under these conditions, but where 
inhibition is removed by succinate, fructose may be used in the resumed 
growth. 


REVERSAL OF IODOACETATE INHIBITION OF GROWTH 


The experiments reported in table IX showed that malonate and suc- 
cinate penetrate coleoptile sections when supplied at pH 5.0, but there was 
very little if any penetration at pH 6.5. From the malonate reversal experi- 
ments (table X), it may be inferred that other organic acids as well as some 
phosphorylated intermediates also penetrate the tissues at pH 5.0, since 
these intermediates were capable of preventing or alleviating malonate inhi- 
bition. It is, therefore, in order to reinvestigate reversal of iodoacetate inhi- 
bition at pH 5.0. At this reaction it is necessary to use a lower concentra- 
tion of iodoacetate than was previously used as shown in table VI. Results 
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of two preliminary experiments are reported in table XII. Experiment 83 
shows that iodoacetate inhibition can be alleviated by a number of inter- 
mediates. In this experiment fructose-6-phosphate, phosphoglycerate, py- 
ruvate, succinate and l-malate at the concentrations used, each appeared to 
be more effective than fructose in promoting growth in the presence of iodo- 
acetate. In Experiment 102 fructose was more effective and more convine- 
ing responses to 1-malate and fumarate were obtained. The latter experi- 
ment differed from the former in that the temperature was lower. and the 
coleoptiles were shorter at the time of use (72 hours of age in each case). It 
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Fic. 4. Reversal of growth inhibition by succinate after six hours treatment with 
malonate. Conditions of the experiment are described in the legend of table XI. 


is also noted that growth in the controls was greater and the degree of inhi- 
bition by iodoacetate was less in Experiment 102. Apparently in this ex- 
periment, penetration and phosphorylation of fructose proceeded further 
before iodoacetate became effective. 
Discussion 

Studies of THIMANN and BonNeEr (13) appear to show growth responses 
to several organic acids in Avena coleoptile sections. Experiments were 
performed using coleoptiles of different ages (56, 67, and 74 hours). Solu- 
tions of the acids used were neutralized to pH 6.5 with KOH. Growth re- 
sponses were generally greatest when sections from younger coleoptiles were 
used. Sections from 74-hour coleoptiles gave few significant responses to 
added salts of organic acids. Sections breaking surface responded to treat- 
ment better than submerged sections. In general it seemed that the greater 
the growth of the controls, the greater the percentage increase by organic 
acids. The most consistent responses were obtained when malice and fumaric 
acids were used. Succinic, citric, and acetic acids also appeared to give sig- 
nificant responses. Oxalate was reported to result in no growth increase. 





COOIL: GROWTH IN THE AVENA COLEOPTILE 65 


In contrast with the results of Thimann and Bonner the results reported 
in table I show consistent responses to potassium when organic or inorganic 
potassium salts were supplied at pH 6.5. Under these conditions there was 
no response which could be attributed to the organic anions used, since in- 
organic salts produced responses coinparable to salts of organic acids. 

In some respects the coleoptiles used in the present study were not ex- 
actly comparable to those used by Thimann and Bonner. Differences re- 
sulted from difference in temperature, timing of application, and duration 
of orange-red light during germination, and perhaps other differences in 
technique. In the experiment with Victory oats reported in table I, the 
seedlings were 74 hours of age, had mean coleoptile lengths of 27.5 mm., and 
growth during 44 hours in the control solution (IAA and sucrose) was 1.88 
mm. or 62.7% of the initial length of the sections (3.00 mm.). If coleoptile 
length and percentage growth may be used as criteria, our 74-hour coleop- 
tiles were comparable to 67-hour coleoptiles of Thimann and Bonner. They 
report a 27.8 mm. length for 67-hour coleoptiles; and according to figures 
9 and 10 (13), sections from 64- to 66-hour coleoptiles in control solutions 
grew approximately 60% of their initial length during 48 hours. Compari- 
son may be made between the results of these authors (13, table 2) for 66 
to 69-hour coleoptiles breaking surface and results from Victory oats re- 
ported here (table I) for potassium salts of organic acids. It is noted that 
Thimann and Bonner obtained values at 157, 138 and 114 for malate, fuma- 
rate, and malonate, respectively; whereas, the corresponding values for 
potassium salts reported in table I are 124, 126, and 135 respectively. Such 
discrepancies can only be explained on the basis of variability within experi- 
ments and between experiments. In the case of the experiments of table I 
an attempt was made to reduce variability within an experiment by select- 
ing at random 20 sections from a given position on the coleoptile and repli- 
cating the experiment with 20 sections from a different position on the cole- 
optile. To eliminate variability between experiments as many treatments 
as possible (all treatments of a single variety reported in table 1) were in- 
cluded in one replicated experiment. As noted above, results from these 
experiments showed consistent but relatively small responses to potassium, 
but no responses to organic anions. Similar results were obtained when sec- 
tions from younger coleoptiles (66 to 68 hours) were used, as shown in fig- 
ures 2 and 3. Where sodium malate or potassium malate was added (fig. 2, 
iodoacetate absent), significant response was obtained only with potassium 
malate. But malate was not participating in this response since, if potas- 
sium phosphate or sodium phosphate was supplied (fig. 3, iodoacetate ab- 
sent) increased growth resulted from potassium phosphate but not from 
sodium phosphate. 

Where manganese was supplied to all cultures the magnitude of the 
potassium response was increased (table IV), but there was still no effect 
of organic anions not equalled or excelled by effects of inorganic anions. 

Aside from the potassium response, chloride salts appear to have a sig- 
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nificant stimulating effect upon growth of coleoptile sections (tables I and 
IV). Sodium sulphate appears to have an inhibiting effect under some con- 
ditions (table I). It is possible that salts of some organic acids have similar 
effects upon growth of coleoptile sections, but not resulting from utilization 
of the anions as metabolites. Differences in growth ascribed by Thimann 
and Bonner to different organic acid anions, e.g., malate as compared to 
malonate, could not be confirmed in the present study after precautions 
were taken to reduce variability. In view of the results obtained here it 
appears that the responses to potassium salts of organic acids reported by 
those authors were primarily responses to potassium. 

There is considerable evidence for the existence of a tricarboxylie acid 
cycle in the Avena coleoptile. Bonner (4) has shown that malonate inhibi- 


tion of respiration in coleoptile sections may be reversed by various acids 
of the cycle. Malonate evidently acts through inhibition of suecinie dehy- 
drogenase, since Bonner has shown succinic acid to accumulate in coleoptile 


sections treated with malonate. Accumulation of succinate was accentuated 
when fumarate or a-ketoglutarate was supplied to malonate treated sections. 
Bonner (5) obtained growth responses to several plant acids when supplied 
at pH 4.5-in the presence of sucrose and IAA. However, it had not been 
shown that the succinic dehydrogenase system was necessary for growth 
of the coleoptile. 

At the appropriate reaction (pH 4.5-5.0) growth response to succinate 
and growth inhibition by malonate can be shown in coleoptile sections (table 
IX). The influence of pH upon malonate inhibition of respiration in the 
Avena coleoptile was noted by BonNerR (4), in the spinach leaf by BonNER 
and WILpMAN (6), and in barley roots by Laties (10). These studies have 
shown that concentrations of malonate which inhibit respiration at pH 4.5 
or pH 5.0 are ineffective at pH 6.5. Such results are attributed to lack of 
penetration at higher pH values. The results of table IX show a similar 
influence of pH upon responses to malonate and succinate in the coleoptile 
sections. 

Malonate inhibition of growth can be prevented or alleviated by a num- 
ber of intermediates (apparently any intermediate which can be converted 
to succinate readily within the tissue, table X). These results showing re- 
versal of malonate growth inhibition are in close agreement with results 
of Bonner (4) for reversal of malonate inhibition of respiration in the 
Avena coleoptile and with those of Laties (10) for barley root respiration. 
The necessity of the succinic dehydrogenase system for growth is clearly 
indicated in figure 4 where it is shown that sections first inhibited by malo- 
nate could not be induced to resume growth by addition of fructose alone, 
but where succinate and fructose were both added fructose could be utilized 
for resumed growth. 

The reversal of iodoacetate inhibition at pH 6.5, formerly attributed to 
malonate or organic acids of the Krebs cycle, may now be explained in 
terms of (a) response to potassium in the presence as well as the absence 
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of iodoacetate under these conditions and (b) the buffer action of the or- 
ganic acids in the growth medium. In the absence of buffer greater pene- 
tration of iodoacetate apparently results from a drift towards a more acid 
reaction in the solution during the course of the experiment. 

Penetration of iodoacetate into Avena coleoptile sections is dependent 
upon the pH of the medium (table VI). This relationship is similar to that 
shown by Laties (10) for barley roots. Iodoacetate inhibition of coleoptile 
growth is lessened if any one of a number of intermediates is added concur- 
rently with the appropriate concentration of the inhibitor. Considerable 
inter-conversion of intermediates could take place before the iodoacetate be- 


TABLE XI 


INFLUENCE OF FRUCTOSE AND VARIOUS INTERMEDIATES UPON IODOACETATE 
INHIBITION OF GROWTH IN AVENA SECTIONS IN 5 x 10~*MMNSO,, 2 x 10M 
KCl, 1 MG.IAA/L, AT pH 5.0, MEAN GROWTH OF A SECTIONS (MM.) 
IN 24 HOURS. 











Experiment Without With 1.5 x 1075M 
number Addenda iodoacetate iodoacetate 





83* None 
0.005 M Na,SO, 
1% fructose 
0.0025 M fructose-6-phosphate 
0.005 M phosphoglycerate 
0.010 M pyruvate 
0.005 M succinate 
0.005 M 1-malate 
0.005 M citrate 
0.005 M fumarate 
None 
10 g./l. fructose 
0.01 M succinate 
0.01 M fumarate 
0.01M 1l-malate 


1.19¢ 
0.79 + 
1.38 ¢ 
1.94 
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*Experiment 83: Age of seedlings, 72 hours; mean coleoptile length, 27.5 mm.; 
temperature 27-28 C, 
**Experiment 102: Age of seedlings, 72 hours; mean coleoptile length, 22.1 mm.; 
temperature 24-26 C. 
eneral loss of turgor. 


comes effective, so it is not possible to determine from these experiments 
whether any one of the iodoacetate sensitive systems is affected before 
others by the inhibitor. In one experiment (table XII), fructose was less 
effective than a number of intermediates in alleviating iodoacetate inhibi- 
tion. This seems to indicate that fructose is effective only if sufficient time 
is allowed for its absorption and conversion to intermediates before iodoace- 
tate inhibition becomes severe. Jodoacetate is considered to exert its inhi- 
bition through inactivation of sulfhydryl enzymes which require this group 
for their activity. There are a number of enzymes in this category (3, 12). 
Action of succinate in preventing iodoacetate inhibition of coleoptile growth 


might be through protection of sulfhydryl groups of succinic dehydroge- 
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nase as shown by Hopkins et al. (9), or by protecting other sulfhydryl 
enzymes (3). Other intermediates could produce responses by the same 


means if they act as sources of succinate in the tissues. There is also the 
possibility that some of the intermediates prevented inhibition by supplying 
the product of a reaction blocked by iodoacetate. 


Summary 


The influence of potassium salts of several organic acids upon growth 
of Avena coleoptile sections was reinvestigated. In test solutions adjusted 
to pH 6.5, potassium salts of both organie and inorganic acids resulted in 
increased growth, but addition of sodium salts of the same acids produced 
no comparable increases in growth. Responses to potassium salts were ac- 
centuated when the manganese requirement was satisfied. From these re- 
sults it was concluded that responses previously attributed to several organic 
anions must have been responses to potassium. Growth responses to potas- 
sium salts of malate or malonate in the presence of iodoacetate at pH 6.5 had 
been considered reversal of iodacetate inhibition by malate or malonate ions. 
It was shown that at this reaction increased growth resulted from potassium 
salts of malate, malonate, or phosphate in the presence of iodacetate. 
Smaller responses to corresponding sodium salts in the presence of iodoace- 
tate were attributed to the influence of buffering upon the penetration of 
iodoacetate. 

In other experiments, the culture media contained potassium and manga- 
nese and were adjusted to pH 5.0. Under these conditons iodoacetate inhi- 
bition could be prevented or alleviated by the sodium salt of any of a num- 
ber of intermediates. 

When the culture media were adjusted to pH 4.5 or pH 5.0, malonate 
inhibition of growth could be shown. A growth response to succinate was 
observed in the same pH range. Where potassium and manganese require- 
ments were satisfied malonate inhibition could be prevented or alleviated by 
fructose, fructose-6-phosphate, phosphoglycerate, or by any one of several 
acids in or closely associated with the tricarboxylic acid cycle. Sections 
first inhibited with malonate could be induced to resume growth by subse- 
quent addition of succinate, but not by addition of fructose. Where frue- 
tose and succinate were both added to malonate inhibited sections, growth 
resumed and exceeded the growth of sections reversed by succinate alone. 
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Introduction 
It is not possible to follow the Os consumption and the COs production 
of a single sample of biological material by conventional volumetric or 
manometric techniques. A recent paper by LAserR and Lorp ROTHSCHILD 


(8) calls attention to the need for a device to measure the respiratory 


quotient (R.Q.) of a single biological sample. They achieved this end with 
a quite elaborate manometric apparatus which we feel is too complicated 
for general use. Means of continual CO. measurements independent of 
simultaneous 0, determinations include the katharometer method of STILEs 
and Leacn (17), the infrared method of McA.ister (11), the mass spec- 
trometer method of Brown, Nrer, and VAN NorMAN (2), and electrical con- 
ductivity techniques. The latter seem the most suitable for routine work, 
judged on the basis of cost, convenience, and technical skill required. 
Measurement of CO. by observation of the electrical conductance of an 
absorbing solution was described by Carty and MAxweE Lu (3) and first used 
for biologically produced COs by SpoeHR and McGee (16). A number of 
modifications have been published. The literature is summarized by NEew- 
TON (12) who also treats the. theory of the general method. FENN (6) 
described a respirometer vessel containing electrodes for conductivity meas- 
urement. The tissue was placed in a central cup surrounded with Ba(OH). 
solution. The vessel was kept at constant temperature and shaken to mix 
the alkali. It was necessary to stop the shaking to read the conductance, 
which can be inconvenient. LepeBUR (9) described a respirometer vessel 
which incorporated a conductivity inset containing Ba(OH)»s and which 
could be shaken continuously. The conductivity inset was a glass thimble 
on the bottom of the respirometer vessel in which electrodes were sus- 
pended from a removable stopper on the top of the vessel. It is probable 
that the cell constant was dependent upon the precise orientation of this 
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stopper, and that the constant fluctuated with shaking. Absorption of COs 
was reported to be rather slow with this cell. Though Fenn encountered no 
difficulty with the use of Ba(OH).s, Spoehr and McGee were unable to make 
continued readings with their apparatus due to the precipitated BaCOs 
which adhered to the electrodes and changed the cell constant. THOMAS 
(18) found that precipitated BaCOs; did not affect conductance measure- 
ments, but that the conductivity itself continued to decrease for one half 
hour after precipitation occurred as the solubility of the new precipitate 
decreased with time. CLARK, GAppIE, and Srewarp (4) avoided any possi- 
ble trouble from these sources by using NaOH 'rather than Ba(OH).. Their 
vessel, like that of Fenn, could not be shaken during readings. Due to the 
geometry of their vessel thermal equilibrium could be attained only after 
an hour. 


Materials and methods 


Our respirometer vessel shown in figure 1 was designed to permit meas- 
urement of CO. by following changes in the conductivity without stopping 





i 
— 37 em.—} 


Fic. 1. Diagram of respirometer vessel (A) with alkali inset (B). Electrodes 
(D and E) permit measurement of conductivity. Shaking by rotation about point X 
causes pumping motion of alkali in B. Electrode leads sealing inset to cover omitted 
from figure. 


the shaking of the vessel. The tissue is placed in the main compartment A, 
which has a volume of about 30 ml. The inset B contains three ml. of 
dilute NaOH and the platinum conductivity electrodes D and E. The inset 
is U-shaped and is rigidly suspended from the lid by glass tubes which 
enclose the electrode lead wires (omitted from figure 1 for clarity). The 
inset is filled, emptied, and washed by means of a pipette introduced through 
the opening stoppered by plug C. A side flask F, the contents of which may 
be tipped onto the tissue during the experiment, and a gas changing tube 
and stopcock G are provided for convenience. The capillary H connects 
to a manometer as in Fenn’s design, to permit volumetric determination of 
the O. consumption. The vessel is used in a thermostatically controlled 
water bath, and rocked (in the plane of the drawing) about the point X to 
provide mixing of the contents. 
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The vessel design of figure 1 was found satisfactory in a variety of 
applications, although improvement is possible. The conductivity inset is 
in poor thermal contact with the water bath. Experience might show that 
the conductivity cell could be repeatedly washed along with the respirometer 
vessel without altering the cell constant or contaminating the cell with con- 
ducting material, in which case it would be possible to attach both inset 
and electrodes to the vessel bottom to provide better thermal contact. The 
use of removable electrodes seems undesirable, as indicated above. A re- 
movable U-shaped conductivity inset connected to the bottom of the respi- 
rometer vessel through a short ground joint of large diameter might be 
feasible. Alternatively, the vessel lid could be modified to incorporate a 
depression extending down to and touching the conductivity inset. The 
well thus formed would bring the water of the constant temperature bath 
into much better thermal contact with the conductivity inset. 

In considering other designs it should be borne in mind that the U-shaped 
inset has unique properties. Since the cross section of the current path be- 
tween electrodes is determined entirely by the glass walls, shaking of the 
vessel has distinctly minor effects on the cell constant, provided that the 
shaking is not violent enough to bring the electrolyte surface near either 
electrode. In use, conductance could easily be measured to four significant 
figures while shaking was in progress. A relatively high cell resistance is 
possible with this design, which is convenient. In addition there is an active 
pumping of the electrolyte which renews the absorbing surface, extends it to 
the sides of the U tube, and mixes both the electrolyte and the gas. Martin 
and GREEN (10) point out that renewal of the absorbing surface is of great 
importance in achieving rapid CO, absorption. The absorption rate of COs 
into the U-shaped conductivity inset in vessels of the design illustrated by 
figure 1 is only slightly lower than that of a Fenn (5) or Warburg respi- 
rometer vessel of a comparable volume without a filter paper roll in the 
alkali inset. 

To avoid polarization errors the electrodes are platinized and their area 
exceeds the minimum given by the equation of PARKER (13): 


160d 
kK 3 cae 
‘ (1) 


in which R is the cell resistance in ohms, d is the electrode separation in 
em., and A is the minimum electrode area in em." 

Since the volume and concentration of the alkali used in the inset is 
critical, it is desirable to dry the inset as well as possible before each filling. 


If the inside walls of the inset are wiped with a strip of clean filter paper 


(being careful not to scrape the electrodes) no significant errors result from 
the small amount of residual moisture. It is probably undesirable to allow 
the electrodes to dry out, although we have dried the apparatus at room tem- 
perature atter washing with distilled water and found no change in the cell 
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constant. In practice, we keep the inset filled with H.O or alkali between 
periods of use, with the vessel in place. The COs, absorbing capacity of 
the three ml. of 0.05 N NaOH used in the inset is sufficient for several 
experiments of the sort common in most studies of tissue respiration, since 
each milliliter is capable of absorbing slightly greater than 500 microliters 
(ul.) of CO. before complete conversion to carbonate. THomas (18) found 
that the absorption rate with NagCOs solution was still essentially as great 
as with a NaOH solution, both 0.005 V. It is not necessary to renew the 
alkali each time it is used as long as the apparatus is closed meanwhile to 
prevent evaporation. 

When beginning an experiment, it is often desirable to start observations 
of respiratory rates as soon as possible after the vessel is placed in the 
water bath. Serious delay will be encountered if the conductivity inset is 
not at the temperature of the water bath at the start of an experiment. 
We found it convenient to equilibrate the apparatus in the thermostatically 
controlled water bath, remove it, insert the biological material, and promptly 
return it to the bath. Should the experimental regime necessitate changing 
the inset solution just before starting a series of measurements, the use of 
pipettes and alkali which previously have been brought to temperature 
equilibrium in the same water bath is convenient and helpful. 

Alternating current must be used to measure the conductance. Probably 
the simplest A.C. bridge suitable for this purpose is some modification of 
Jones and Josepus’ (7) design. Such a bridge may be assembled around 
a Leeds and Northrup Campbell-Shackleton ratio box and a good A.C. 
resistance box reading 11111.1 ohms in steps of 0.1 olim or less. A ratio 
box was constructed at small expense around General Radio A.C. resistors, 
which were first checked on a D.C. bridge. A Wagner ground (see Jones 
and Josephs) was incorporated. Capacity balancing over a continuous 
range of 0 tu 0.005 microfarads with combinations of fixed and variable 
condensers connected across the terminals of the resistance box was found 
necessary. The exact value of the capacity required at balance is not of 
interest. This bridge, used with a two stage audio amplifier and head- 
phones, had more than adequate accuracy and sensitivity. A schematic 
diagram of the circuit used is shown in figure 2. 

A bridge of laboratory construction should be tested for correspondence 
of A.C. and D.C. resistance measurements as an index of quality, and the 
ratio arms should be tested for equality by the methods described by Jones 
and Josephs. This bridge gave agreement between A.C. and D.C. resistance 
measurements to 0.01° and the ratio arms were equal to within 0.03%. 
Both agreements are more than adequate for the purpose in hand, as the 
precision of CO, measurement was limited by the temperature regulation 
of the water bath. 

In making each measurement, it is necessary to adjust both the value 
of the resistance and the value of the shunt capacitance in the known arm 
of the bridge until zero output is obtained in the detector. This must be 
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done by successive approximations, and when both are far from the value 
required at balance it may be a bit difficult to locate the balance point. 
In the course of a run, however, the adjustments required to restore balance 
are small; and it is easy to find the balance point. 
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Fic. 2. Circuit of conductivity apparatus. Initially balancing for zero output in 











earphones using potentiometer, Rs, and condenser, C2, with switch on G prepares equip- 
ment for use. With switch on N resistance of conductivity cell, X, is balanced against 
R, a parallel combination of fixed mica and variable air condensers and a resistance box. 
The size of the condensers is not recorded at balance. S=General Radio type 813A 
1000 ¢.p.s. microphone hummer and filter. R:, Ro, Ri, Rs = General Radio 1000 ohm pre- 
cision resistors. Rs=2 ohm wire wound potentiometer. C,=75 mmfd. mica condenser. 
C.= 500 mmfd. variable air condenser. R-=11111.1 ohm Leeds and Northrup type 4750 
AC. resistance box. X-=conductivity cell. T=shielded audio transformed. A-=two 
stage audio amplifier with earphones 


Experimental results and discussion 


In order to calculate the quantity of COs absorbed in the inset solution 
from conductance data, it was necessary to investigate the conductivity 
change of the alkali used as a function of COs absorbed. A stream of moist 
dilute CO. was bubbled through a simple absorption cell with built-in elee- 
trodes. The cell had been calibrated and used in a thermostatically con- 
trolled water bath. After stopping the gas stream, the conductivity was 
determined; and a sample of the alkali was withdrawn for analysis. More 
COs was then added and the process was repeated. The COs. contents of 
the samples were measured by two methods. Potentiometric titrations 
vielded calibration data which did not differ significantly from those ob- 
tained by the manometric method of Peters and Van Styke (14). Fig- 
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ure 3 shows a graph of all points obtained by both methods. The results 
need not be linear in theory, but there is no justification for drawing other 
than a straight line through either set of points. Conductivity data has 
been published for Ba(OH)s (RAYMOND and WEINGARDEN, 15; FENN, 6; 
NewToN, 12) showing departures from linearity. That non-linearity is not 
strikingly the case with NaQH—a very convenient phenomenon—may result 
from the relative constancy of the sodium ion concentration; in Ba(OH)e 
the barium ion concentration changes as the precipitate is formed, and this 
may change the degree of ionization of the dissolved hydroxide. 
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Fic. 3. Relation between conductivity at 30° C and absorbed carbon dioxide. Open 
circles, potentiometric titration method; closed circles, Van Slyke method 


Separate regression coefficients were calculated for each set of data shown 
in figure 3. These values were, for the Van Slyke method, — 75919 + 3659 
and, for the potentiometric method, — 76331 + 650 pl. COs, at s.t.p. per unit 
change in conductivity per ml. 0.05 V NaOH solution. 

As might be expected, the indeterminant errors are smaller for the titra- 
tion data; we feel confident that this procedure was equally free from 
determinant errors. We accepted as the “calibration value” at 30 + 0.01° C 
the slope of the line based on the titration data. At this temperature, a 
decrease of one ohm per em. in the specifie conductance of 0.05 N NaOH 
corresponded to the absorption of 7.63 x 10# wl. of CO. at standard tempera- 
ture and pressure per ml. of alkali. 

Upon the assumption that the relationship between CO, absorbed and 
conductivity remains linear over the rather limited range of physiological 
temperatures, this calibration was extended to temperatures above and 
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below 30° C as follows: The cell was filled with 0.05 N NaOH of undeter- 
mined but low carbonate content, and sealed. The conductivity of this 
alkali was measured over a range of temperatures. The water bath tem- 
perature was controlled within 0.01° C; and time was allowed for resistance 
readings to become constant, indicating temperature equilibrium. An un- 
measured quantity of moist CO, sufficient to convert about 40°¢ of the 
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Fic. 4. Variation of conductivity with temperature. Upper lines, 0.05 N NaOH 
with low carbonate content. Lower lines, same samples with added CO. 





alkali to carbonate was then bubbled through the absorber. The condue- 
tivity of this solution was obtained in an identical manner for a number of 
temperatures over the same range as before. The values obtained in two 
experiments are shown in figure 4. Considering only the unbroken lines, 
their vertical separation at 30° C represents a certain concentration of 
carbonate, which can be determined from the previous data at that tem- 
perature. This same quantity of CO. was of course responsible for the 
conductivity change represented by vertical distances between the curves 
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at other temperatures. The calibration value at temperatures other than 
30° C is equal to the 30° C calibration value multiplied by the ratio of the 
vertical separation of the curves at the desired temperature to the vertical 
separation of the curves at 30° C. The values in table I were computed by 
this method. 


TABLE I 
CALIBRATION VALUES FOR 0.05 N NaOH AT VARIOUS TEMPERATURES 








Value of m in equation 3: 

41. CO, at standard temperature and 
pressure per ml. 0.05 VN NaOH per 
ohm™ per cm. decrease 
in conductivity 


Centigrade 
temperature 





7.50 111,200 
10.00 105,800 
12.50 100,900 
15.00 96,700 
17.50 92,600 
20.00 89,700 
22.50 85,900 
25.00 82,300 
27.50 79,200 
30.00 76,300 
32.50 74,000 
35.00 71,700 
37.50 69,500 
40.00 67,700 





Previously existing calibration data for NaOH consists of one curve pub- 
lished by Bayuiss (1) which applies to normal alkali, and values obtained 
by CLark, GappiE, and Stewart (4) from which a calibration curve can be 
constructed for 0.05 V NaOH at 15° C. Such a curve must be constructed 
from the original data as the calibration values which these authors caleu- 
lated are in error by a factor of two. This unfortunate error was appar- 
ently not made in the original calculation as the biological data they 
obtained with their method seem of reasonable magnitude. These authors 
obtained their values by mixing NaOH and NasCQs solutions and measuring 
the conductivities of these mixtures, a difficult operation if adequate precau- 
tions are taken to exclude the COs of the air and to purify the alkali. The 
calibration value calculated from their data is within 3.5% of the value we 
obtained for that temperature. 

Interpolation between the values of table I makes possible the calcula- 
tion for resistance readings of the amount of COs absorbed by the respi- 
rometer conductivity-inset solution at any temperature between 74° and 
40° C according to the formula: 


r 


ul. CO, absorbed =mkv (2 ‘ ") (2) 
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where: m is the “calibration value” for 0.05 NV NaOH at the given tempera- 
ture, in pl. CO, ohm! em.; k is the cell constant of the conductivity inset, 
in reciprocal centimeters, obtained by measuring the resistance of 0.1 M 
KCI in the cell at 25° C and multiplying this value by 0.01288 ohms per 
em.; V is the volume of alkali solution in inset, in ml.; r is the resistance of 
cell, minus lead wire resistance, in ohms; and r, is the initial cell resistance, 
minus lead resistance, in ohms. 

The value of m may be found by interpolation in table I; or it may be 
computed by the use of the following equation, the constants of which were 
obtained by fitting a straight regression line to the reciprocal of the data 
in table I by the method of least squares: 


Dieieanbin 10” (3) 
76.50+1.797t 
where t is the centigrade temperature. The data of table I deviate from 
this regression line on the average by 0.3% and in the extreme case by 1.0%. 
To avoid the chore of computing the reciprocal of each resistance read- 
ing, one may substitute for equation 2 the following approximation: 


mkv 


pl. CO,=—> Ar (4) 


where r; is a representative resistance reading for a particular narrow 
interval. 

The apparatus of figure 1 is particularly adapted to the following of a 
changing respiratory quotient; an example of its use for this purpose is illus- 
trated by figure 5. Alcohol was the initial substrate in two vessels contain- 
ing identical suspensions of yeast cells. The gas phase was air. At the 
time indicated by the vertical arrow, glucose was tipped into the suspension 
in one of the vessels. A rapid increase in the rate of CO. production oc- 
curred. The R.Q. with alcohol as substrate was lower than the theoretical 
for complete combustion, due probably to assimilation of part of the alcohol, 
while the final high R.Q. of the sample with glucose was the result of con- 
siderable fermentation. The yeast was a strongly fermenting baker's yeast, 
and its Pasteur mechanism was not adequate to prevent this fermentation 
under the conditions of aeration. This experiment demonstrates the ease 
with which respiratory exchanges may be accurately followed while the R.Q. 
is shifting over a fourfold range. 

Summary 

A method is described for following changes in respiratory quotient on 
a single biological sample. Oxygen is measured manometrically, and COs 
is determined by an improved electrical conductivity method employing 
electrodes built into the alkali inset of a respirometer vessel in such a 
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Fic. 5. Simultaneous oxygen and carbon dioxide measurements on aerobic yeast 
under conditions of a changing R.Q. Oz measured volumetrically; CO. measured con- 
ductimetrically. Initial substrate alcohol. At arrow glucose added to vessel II. 











fashion as to allow continuous readings of COs production. The electrical 


circuit is presented, and calibration data are provided from which one may 


calculate from resistance readings the volume of CO. absorbed by a meas- 
ured volume of 0.05 N NaOH in the inset at any temperature between 75° C 
and 40° C. Measurements on yeast are furnished to illustrate the use of 
the method. 
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Sweetpotatoes are exceeded in dollar value only by white potatoes and 
tomatoes among the vegetable crops in the United States. They have long 
been recognized as a valuable source of carbohydrates and as such they 
received attention as early as 1895 when Harrincton (8) published analyses 
of several varieties of sweetpotatoes and showed that they increased in 
sugars during storage. Abundant data on the effects of various factors on 
the carbohydrate content have been obtained (9, 11, 14, 19, 23). More 
recently, yellow-fleshed sweetpotatoes have been recognized as good sources 
of provitamin A (carotene) and both the yellow and the light-colored flesh 
are good sources of vitamin C (ascorbic acid). STeENBocK (25) in 1919 
reported that yellow sweetpotatoes were a good source of the “ fat soluble 
vitamine.” Der (4) in 1922 reported on the antiscorbutic properties of 
sweetpotatoes and recommended the introduction of sweetpotatoes into the 
ration of the Rand miners of South Africa when fruits such as oranges, pine- 
apples, and tangerines were not available. In 1935, MacLrop and coworkers 
(13) reported on the effects of variety and storage on the vitamin A values 
of sweetpotatoes and in 1937 Newron and Lowry (20) reported on the effect 
of storage on the vitamin C content. 

The information regarding changes in the carotene and the ascorbic acid 
content of sweetpotatoes and the various factors affecting them (10, 15, 16, 


17, 18, 21, 24, 26) has been rather confusing because of its apparently con- 


flicting nature. Some have reported an increase in carotene during storage 
(13), some a decrease (18), and others no significant change (24). Some 
workers have concluded that three or four months’ storage had no apprecia- 
ble effect on the vitamin C content (20), while others concluded that sweet- 
potatoes stored for four to six months contributed insignificant amounts of 
vitamin C to the diet (21). 

Several factors may be responsible for the varying results. With most 
chemical methods, some pigments that have no biological value are included 
with the carotene fraction, the amount varying with the method. Experi- 
mental conditions may alter the behavior of the roots; inadequate control 
of these conditions may lead to erroneous conclusions. Loss of weight 
through loss of both moisture and dry matter may cause an apparent in- 
crease in carotene. Determination of percentage of moisture only reveals 
little about the absolute losses of either moisture or dry matter. Additional 
information on the absolute loss in weight during the storage period is neces- 
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sary to determine whether an apparent increase in carotene is real or only 
apparent. The vitamin constituents occur in very small amounts and are 
accompanied by large quantities of foreign material; they are relatively 
unstable and their distribution in the root is far from uniform. Some roots 
may contain four times as much carotene as others of the same variety and 
three times as much in the proximal-end as in the distal-end of the same 
root (5). Among 30 individual roots of the Porto Rico variety the highest 
vitamin C content was 2.6 that of the lowest (7). Much of the work re- 
ported has been based on fewer roots than necessary to compensate ade- 
quately for such wide variations and insure that the results were due to the 
factors ascribed. The present studies are an attempt to clarify and amplify 
the information regarding the ascorbic acid and the carotenoid contents of 
sweetpotatoes and the various factors that affect them. 

The first phase of the work was planned to determine 1. whether there 
is an actual increase in carotene during curing and storage and 2. the effects 
of curing and storage on the ascorbie acid content. The results published 
in 1948 (6, 7) showed quite conclusively that in the five varieties studied 
there was dn increase in absolute amounts of carotene under the conditions 
of those studies and that while losses of ascorbic acid occurred during curing 
and storage, sweetpotatoes were still a good source of this vitamin. The 
second phase was planned to determine the effects of various factors that 
might influence the development and preservation of carotene and ascorbic 


acid and the conditions most favorable for the maximum amounts. Very 


little work on the effects of storage temperatures on the vitamin values of 
sweetpotatoes has been reported. This paper is a report on these effects. 
A general review of the literature was given in previous publications (6, 7) 
and will not be repeated here. 


Materials and methods 


Four varieties of sweetpotatoes were used in this study: Yellow Jersey, 
a dry-fleshed variety; Orange Little Stem, an intermediate type; Nancy 
Hall and Unit I Strain Porto Rico (called Porto Rico hereafter), moist- 
fleshed varieties. While the terms dry and moist are in common use in 
referring to the character of the flesh of sweetpotatoes, they are not indica- 
tive of the amount of moisture in the roots. Recently BosweLu (1) substi- 
tuted the term firm for dry and soft for moist as being more accurate in 
describing the character of the flesh. Both firm and soft refer to the cooked 
flesh. When raw, the flesh of all varieties is hard. The color of the flesh 
ranges from the creamy white or light yellow of the Yellow Jersey to the 
deep orange of the Orange Little Stem. 

The sweetpotatoes were grown on a Chillum sandy loam at the Plant 
Industry Station, Beltsville, Maryland, in 1949. The plants were set on 
May 24 and 25 and were harvested between October 3 and 12 before any 
frost had occurred. Weather conditions for the period were near normal. 
Only one variety was harvested a day. The roots were washed, weighed 
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and placed in the curing room either the day harvested or the following day. 
They were cured at 85° F with high humidity for eight days and then trans- 
ferred to constant temperature rooms held at 70, 60, 55, and 50° F with a 
relative humidity of 85°. Approximately five bushels of each variety were 
stored at each temperature. The uncured samples were held at 60° F over- 
night and analyzed the day after harvest. The cured samples were usually 
analyzed within two or three days after removal from the curing room to 
the storage room, and the stored samples at four- to six-week intervals 
during storage. Both carotenoid and ascorbic acid samples were taken from 
the same roots, the roots being split lengthwise and one half of each root 
being utilized for each of the two constituents. 

The roots were washed at harvest to remove adhering soil and weighed 
individually; the weight of each root in grams was recorded on the root 
with an indelible pencil, and each root was reweighed at time of sampling. 
The analytical data can then be calculated back to the weight at harvest, 
and the results can be reported on the harvest weight basis. 

The labile nature of vitamins and the small amount of root used per 
sample make it difficult to obtain a single sample that is representative of 
a large number of roots. For this reason, 10 replicates of five or more roots 
each were used. This number of roots is a larger sample than those gen- 
erally used by other workers and with a few exceptions this procedure has 
given consistent results. By an analysis of variance, the significance of 


differences between and within treatments can be determined. Samples 
departing significantly at the 1% level from the curves as drawn in the 
figures are marked with a double asterisk. 


For the carotenoid determinations, longitudinal sections from each of 
five unpeeled roots were ground in a food chopper and mixed thoroughly. 
Duplicate 20-gram samples were then analyzed by the WALL and KELLEY 
method (27). The carotene content was separated from the other carote- 
noids by chromatographing an aliquot of the petroleum-ether extract. Total 
carotenoids were determined on a separate portion of the extract without 
chromatographing. Both were read in a photoelectric colorimeter with a 
440-millimicron filter. The results of the duplicates were averaged and the 
amount reported is the average of the 10 replicates calculated back to the 
weight at harvest. 

Samples for ascorbic acid were taken with a cork borer from the mid- 
section of the root as described in detail in a previous publication (7). 
Duplicate 50-gram samples were extracted with 350 ml. of 0.4% oxalie acid 
in a Waring Blendor according to the method of LoEFFLER and PONTING 
(12). The ascorbic acid content of the extract was determined in a photo- 
electric colorimeter and color and turbidity were compensated for when 
necessary. Duplicate samples were averaged and the amount reported is 
the average of the 10 replicates. All results for ascorbic acid are reported 
on the fresh-weight basis at time of analysis. 

Samples for moisture determinations were taken in triplicate from two 
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of the 10 replicates used in the carotene analysis. The tissue was dried for 
24 hours at 158° F in an electric oven, followed by 24 hours at the same 
temperature under vacuum. 


Results 
The carotene, total carotenoids, and ascorbic acid content of four varie- 
ties of sweetpotatoes, at harvest, after curing and during storage at 50, 55, 
60, and 70° F are shown in figures 1 to 4. From these results, it is evident 
that temperature plays an important part in carotenoid changes in storage. 
At 50° F there was little if any increase in carotene or total pigments in any 
of the varieties studied. Instead there was a decrease which was most pro- 
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Fic. 1. Carotene, total carotenoid pigments, and ascorbic acid content of Yellow 
Jersey sweetpotatoes at harvest, after curing, and during storage at 50, 55, 60, and 70° F 


nounced, and statistically highly significant, in Orange Little Stem. At 
55° F, the temperature usually recommended for long holding of sweet- 
potatoes, there was little change in the carotenoid pigments. At 60° F there 
was an increase of nutritional importance in all varieties except Nancy Hall. 
This variety slowly lost carotene and total pigments during storage at all 
temperatures. At 70° F the carotene and total carotenoids increased less 
rapidly than at 60° F except in Yellow Jersey (fig. 1). Storage tempera- 
tures were of less importance in effecting ascorbic acid content. While tem- 
perature had some effect in early storage the tendency was for the ascorbic 
acid content to approach a common level at the different temperatures 
before the storage season was over. 
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Fic. 2. Carotene, total carotenoid pigments, and ascorbic acid content of Nancy 


Hall sweetpotatoes at harvest, after curing, and during storage at 50, 55, 60, and 70° F. 
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Fic. 3. Carotene, total carotenoid pigments, and ascorbic acid content of Porto 
Rico sweetpotatoes at harvest, after curing, and during storage at 50, 55, 60, and 70° F. 
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Variety is also an important factor in determining changes in the carote- 
noid content during storage. Yellow Jersey, the palest variety at harvest, 
showed a maximum increase in carotene during curing and storage. Orange 
Little Stem (fig. 4), the deepest colored variety, increased only 25% but this 
represented more in absolute amount than the larger percentage increase in 
Yellow Jersey. Nancy Hall (fig. 2), an intermediately colored variety, 
increased little if any after harvest. 
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Fic. 4. Carotene, total carotenoid pigments, and ascorbic acid content of Orange 
Little Stem sweetpotatoes at harvest, after curing, and during storage at 50, 55, 60, and 
70° F. 

Late in the storage season it was observed that the Porto Rico sweet- 
potatoes used in this study were infected with internal cork. No indication 
of this disorder was observed at harvest, shortly after curing, or early in the 
storage period, but by late May, 65% of the roots stored at 70° F showed 
the disease as compared with 7% at the lower temperatures (28). Intra- 
cellular changes doubtless take place prior to the death of the cell and the 
accompanying visual evidence of the disease. Carotenoids are less stable 
than most other cell constituents and some loss would probably occur in the 
infected areas even before these areas could be recognized. If such infected 
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tissue were included in a sample, the carotenoid content of that sample 
would be correspondingly less than in normal tissue. It may therefore be 
questioned whether these results (fig. 3) are typical for this variety. In this 
respect the following observations are pertinent: 1. No indications of inter- 
nal cork were observed at harvest, shortly after curing, or early in the stor- 


age period. 2. The increase in carotenoids during curing and in early 
storage at the higher temperatures is in agreement with previous results (6) 
and with other varieties used in the present study. 3. The failure of the 
carotenoids to increase appreciably at the lower storage temperatures agrees 
with the results from the other varieties used in this study. 4. Sound tissue 
in affected roots gave no indication of reduced carotenoid content as com- 
pared with tissue in roots showing no infection, 7.e., non-affected tissue in 
infected roots behaved normally in respect to carotenoid metabolism. 
5. There were significant losses in carotenoid; pigments late in the storage 
period, the greatest loss occurred, and the greatest amount of internal cork 
developed, in roots stored at 70° F. 

From the results reported (figs. 1 to 4) it would appear that Yellow 
Jersey and Orange Little Stem are more sensitive to changes in storage tem- 
peratures than are Nancy Hall and Porto Rico. Nancy Hall did not in- 
crease significantly in carotenoid pigments during storage and the differ- 
ences observed in this variety apparently are due to differences in rate of 
destruction at the different temperatures. Judging from this variety alone 
a storage temperature of 60° F would appear to be less destructive of caro- 
tene than the other temperatures used. With the other varieties the rate 
of synthesis, as well as the rate of destruction is a factor and the final result 
is dependent upon the algebraic sum of the two processes. 

The different varieties of sweetpotatoes differed greatly in the color of 
the flesh. This difference in color is of major importance since most of the 
increase in color is due to carotene, a precursor of vitamin A. This is shown 
in table I in which the different varieties are listed from left to right, in 


TABLE I 


EFFECT OF VARIETY AND STORAGE TEMPERATURE ON THE PERCENTAGE 
OF CAROTENE IN THE CAROTENOID PIGMENTS OF SWEETPOTATOES., 








Carotene/total carotenoids x 100 





Times Or 
sampled Yellow Nancy Porto — 


: Little Average 
Jersey Hall Rico ies 


Treatment 





At harvest 21.4 68.7 81.0 91.1 65.6 

After curing - 22.8 69.6 82.9 88.7 66.0 

Storage temp. ( F) 
70 42.9 69.9 86.4 90.2 72.4 
60 41.6 69.9 83.2 89.9 71.2 
55 34.8 68.0 85.4 90.3 69.6 
50 22.8 70.6 83.9 89.9 66.8 

Average for 4 

temperatures 35.5 69.6 84.7 90.1 
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order of increasing color intensity, and the carotene is expressed as a per- 
centage of the total carotenoid pigments. The post-harvest increases are 
also primarily carotene as evidenced by the higher percentage figures during 
storage. Even within individual roots the more deeply colored areas con- 
tained a higher percentage of carotene than the paler areas. For example, 
carotenoids formed in Yellow Jersey during storage sometimes results in 
yellow bands interspersed with lighter colored areas. Tissue taken from 
these deeply pigmented areas was found to contain as much as 7.77 mg. of 
carotenoids per 100 gm., 81°¢ of which was carotene. Our regular sample 
of the same lot, taken at the same time, contained 1.94 mg. of which 41% 





ORANGE LITTLE STEM 


weienr 


eS ee ee eee ol | a | 


- EE 
OCT NOV DEC JAN FEB MAR APR MAY JUNE JULY 


ee 
JAN FEB MAR APR MAY JUNE JULY 


Loss 


4 








35 


| YELLOW JERSEY 


= 
3 
«= 
= 


" 

| 

30 
| 

| 

25 


oe 





Sa ee eee eee 
OCT NOV DEC JAN FEB MAR APR 


@ AT HARVEST @ AFTER CURING o---e 70° © CP a -------@ 55° o—--—-« 50° 

Fic. 5. Loss in weight of four varieties of sweetpotatoes during curing and in 
storage at 50, 55, 60. and 70° F. 
was carotene. The same variety at harvest contained 0.68 mg. of carote- 
noids, 21% of which was carotene. At harvest Orange Little Stem, the 
deepest colored variety, contained about the same amount of non-carotene 
pigments, nine times as much total pigments, and nearly forty times as 
much carotene as did the Yellow Jersey. 

In addition to the changes in carotenoid and ascorbie acid content some 
other effects of the different storage temperatures were noted. The loss in 
weight is shown in figure 5. The four varieties were held in the same rooms 
under comparable conditions with the air circulated by fans. Loss in weight 
was determined as described under Materials and Methods and no roots 
showing external decay were included. While the relative humidity was 
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held at 85% at all temperatures, the vapor pressure deficit, 2.e., the evapo- 
rating power of the air was greater at the higher temperatures and greater 
moisture losses might also be expected. The losses in weight were in general 
greatest at the two extremes of the storage range, 70 and 50° F. The least 
occurred at 60° F and the 55° F lots were intermediate. The greater loss at 
70° F was probably largely due to sprouting, which occurred at this tem- 
perature, and perhaps to a less degree to the higher respiration rate. At 
50° F there was no sprouting and the greater loss in weight at this tempera- 
ture may be an indication that 50° F is too low for normal functioning of 
the roots. Less decay occurred at 60° F and the general appearance of the 
roots was perhaps best at this temperature. The smaller loss in weight is 
apparently a reflection of the more favorable storage temperature. 
Relative loss in weight also seems to be a varietal characteristic to some 
extent, and is probably associated with rate of respiration. Although the 
percentage of moisture was relatively stable during storage (table II) Yel- 
low Jersey stored at 60° F had lost approximately 19% in weight by May 


TABLE II 


EFFECT OF VARIETY AND STORAGE TEMPERATURE ON MOISTURE CONTENT 
OF SWEETPOTATOES, 





Varieties 





Times 
sampled Yellow Porto 
Jersey Rico 


Treatment Orange 


Little Average 





% % % 

At harvest 66.5 69.6 

After curing 63.7 68.3 

Storage temp. (°F) 

70 68.3 65.2 69.3 

60 70.2 66.1 69.3 

55 70.4 64.8 68.5 

50 70.5 65.3 68.4 
Average for 4 

temperatures 69.8 65.3 68.9 





as compared with 16% for Orange Little Stem, and 12% for Porto Rico and 
Nancy Hall. 

In 1915 HasseLBrinG and Hawkins (9) reported that there was little 
change in the percentage of moisture of sweetpotatoes during storage. Data 
in table II show that temperature of storage also has little effect on the 
moisture content. Different varieties ranged from 65% in Nancy Hall, aver- 
age all storage temperatures, to 74% in Orange Little Stem. Yet the com- 
bined averages for the four varieties stored at the different temperatures 
varied within one per cent. In products stored near 32° F much of the loss 
in weight is often due to loss of moisture. In sweetpotatoes which are 


stored at higher temperatures, loss of dry matter used in respiration is also 
of importance. The maximum losses in weight ranged from 22 to 38% in 
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the different varieties. Since the moisture content remained relatively con- 
stant, roughly one fourth to one third of the loss in weight was loss of dry 
matter. 

Very late in storage, sweetpotatoes of most varieties that do not suc- 
cumb to more serious diseases earlier usually show some pithy breakdown. 
Some varieties have a shorter storage life than others. Orange Little Stem 
is subject to pithy breakdown early in storage. It was observed in this 
variety first-on December 16 in the 50° F storage, and in January at 55° F 
but not at the higher temperatures. In March some breakdown was evident 
at all temperatures, but was least noticeable at 60° F. While it was ob- 
served earlier at 55° F than at 70° F, the development, once under way, was 
more rapid at the higher temperature, and the carotenoid content decreased 
rapidly as breakdown progressed. 


Discussion 


The post-harvest increase in carotene in sweetpotatoes is analogous to 
the post-harvest increase in lycopene in tomatoes harvested before fully 
ripe. While both carotene and lycopene are carotenoid pigments, only caro- 


tene is of nutritional significance as a precursor of vitamin A 

The pigments of sweetpotatoes are composed of both carotene and non- 
carotene carotenoids (5). The non-carotene fraction probably includes pig- 
ments in the intermediate stages of synthesis and of degradation of the 
carotene molecule, together with any other non-carotene carotenoids that 
may be present. Since this fraction is usually present in amounts well be- 
low 1 mg. per 100 gm. of tissue the structural components and the decom- 
position products of the carotene molecule may be the major part of the 
non-carotene fraction. It seems likely that this portion of the non-carotene 
pigments may be in a more or less continuous state of flux, varying not only 
in amounts but in identity from time to time as synthesis and degradation 
progress. Because of the difficulty of separating, eluting, and purifying the 
individual constituents, no attempt was made to identify them. 

SHERMAN and KogeHN (22) reported only 0.012% of the total pigments 
of the Porto Rico variety to be xanthophyll and concluded that this variety 
is, for practical purposes, devoid of pigments other than beta-carotene. 
Earlier we (6) had presented data, showing that approximately 20% of the 
total pigments were non-carotene carotenoids. This apparent difference in 
relative amounts of the non-carotene fraction Sherman and Koeln ascribed 
to our procedure of determining carotene on the chromatographed extracts 
and the total pigments on the unchromatographed extracts and designating 
the difference between the two as non-carotene pigments. This procedure, 
they said, “does not take into account destruction of carotene during chro- 
matographing or the difficulty of making a quantitative transfer of the 
whole solution to the chromatograph tube.” In publishing the method, 
Watt and Ke.iey (27) presented data with an average recovery of 99.5% 
of carotene added to plant samples, showing that there is little if any de- 
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struction of carotene during chromatographing. In the procedure employed 
(6) aliquots of the extracts were used for chromatographing, a transfer 
pipette being used to avoid loss in transfer. Total pigments were deter- 
mined from a portion of the remaining extract simply as a matter of con- 
venience making it unnecessary to elute the tightly held pigments. The 
results are comparable, as shown in table III where values from 10 samples 
of Porto Rico extracts determined by the two procedures are presented. 

An examination of the data of Sherman and Koehn reveals that their 
results are not greatly different from ours. Of the 5.7872 gm. of carotene 
(carotenoids) which they caleulated to be present in their original material, 
they recovered, crystalline and in oil solution, 4.2142 gm. or 73% as caro- 
tene. Additional non-carotene carotenoids were present in the oil solution 
to the extent of 0.5302 gm. bringing the total carotenoids recovered to 4.7444 
gm. or 82% of the total. Because of its unreliability phasic separation has 


TABLE III 
EFFECTS OF CHROMATOGRAPHING VS. NOT CHROMATOGRAPHING ON 
THE APPARENT AMOUNTS OF NON-CAROTENE PIGMENTS IN 
PORTO RICO SWEETPOTATOES. 





Milligrams per 100 grams in sample no. 





Average 
3 4 6 9 








Extract not 
chromatographed 4,30 4.82 2.8 
Carotene 3.65 024 2.1 
Other pigments 
by difference 65 58 70 
Other pigments 
eluted from 
chromatograph 
tube -59 1.02 .58 .76 .92 .76 .54 .52 +692 





been largely replaced in carotene studies by chromatography. The 0.54 mg. 
of material recovered by Sherman and Koehn in their methanol solution is 
relatively insignificant as compared with the 530 mg. of non-carotene pig- 
ments present in their oil solution. The latter amounts to 11.1% of the 
carotenoids recovered (rather than 0.012% as Sherman and Koehn reported 
for xanthophyll) and is comparable with that in our samples, individual 
ones of which sometimes ran as high as 90% carotene. Since they recovered 
only 82% of the carotenoids originally present, the composition of the re- 
mainder is unknown. However, it seems likely that a relatively high percent- 
age of non-carotene carotenoids may have been included in the unrecovered 
fraction. In Sherman and Koehn’s preparation of crystalline carotene the 
first two or three extracts crystallized were contaminated with and insep- 
arable from sterols; later extracts were essentially free from them. The 
sterols, in common with many of the non-carotene carotenoids, contain hy- 
droxyl groupings in the molecule while carotene does not. This suggests 
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that the conditions which resulted in complete separation and removal of 
the sterols might also have been more favorable for removal of non-carotene 
carotenoids. If true, the non-carotene carotenoids of this fraction might 
well be sufficient to bring the total non-carotene pigments well within the 
averages found in our studies instead of in the lower range. 

Other workers have also reported non-carotene pigments in Porto Rico 
sweetpotatoes. MArTLack (15) separated the pigments by shaking a petro- 
leum ether extract repeatedly with 85% alcohol and identified violaxanthin 
from the alcohol phase. The recrystallized pigments of the ether solution 
showed four bands when chromatographed; the lower and predominant band 
he identified as beta-carotene, but the others were not identified. CALLIson 
et al. (2) working with cooked Porto Rico sweetpotatoes, reported that 
beta-carotene was the only biologically active carotenoid present and con- 
stituted 81.8° of the yellow pigments. MULLER ef al. (17) reported very 
high ratios of carotene to total pigments; depth of color of the flesh had 
little effect on their ratios. Since approximately one-fourth of their samples 
showed 1 to 8% more carotene than total carotenoids some error must have 
been involved in their results. 

Storage of sweetpotatoes at 60° F is much more favorable to carotene 
production and preservation than the lower temperatures. This temperature 
is somewhat higher than generally recommended for sweetpotato storage. 
Perhaps the most common recommendation is, or was until recently, 50 to 
55° F. However, recent studies (3) have shown 50° F to be definitely un- 
favorable and 55° F much superior to 50° F in reducing decay. During these 
studies extending over the past several years a 60° F constant storage tem- 


perature has been quite satisfactory, and when both 55 and 60° F tempera- 


tures have been used the latter has been as good or slightly superior in re- 


ducing decay~and preserving the original appearance and general condition 
of the roots. Sprouting, even when the roots were held until late July, has 
not been a serious problem. Previous evidence of chilling injury to sweet- 
potatoes stored at 50° F has been the greater susceptibility of the roots to 
pathogenic organisms. Now the failure to synthesize carotenoid pigments 
and the tendency for the carotenoids to decrease in amounts may be added 
as effects of chilling. 
Summary 


The carotene, total carotenoids, ascorbic acid, and moisture content, and 
the weights of Yellow Jersey, Nancy Hall, Porto Rico (Unit I Strain), and 
Orange Little Stem sweetpotatoes Were determined at harvest, after curing, 
and at intervals during storage at 50, 55, 60, and 70° F. 

Storage temperature and variety are major factors in determining the 
behavior of the carotenoid pigments during storage. 

Nancy Hall sweetpotatoes decreased in carotene and total carotenoid 
pigments during storage at all temperatures. The other varieties studied 
tended to decrease in carotene and total pigments when stored at 50° F. At 
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55° F there was little change while at 60° F and 70° F the increases were 
appreciable and of nutritional significance. 

The ascorbic acid content of sweetpotatoes was not greatly affected by 
storage temperatures, the tendency in general being for it to decrease fairly 
rapidly during the first two to three months in storage and to approach a 
common level before the storage season was over. The average ascorbic 
acid content after two to three months in storage was about one half to two 
thirds that at harvest. 

The temperature of storage had little effect on the moisture content of 
sweetpotatoes. When held at 85% relative humidity losses in weight were 
least at 60° F, slightly greater at 55° F, and still greater at 50 and 70° F. 


Grateful acknowledgment is made to Dr. C. E. Steinbauer for supplying 
the sweetpotatoes used in this work. 
Prant Inpustry Station 
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Introduction 


In many cross-pollinated crop plants, pollination is dependent upon bee 
activity which is influenced in part by nectar availability and quality. If 
some means could be found to increase the amount of nectar secreted by the 
floral nectaries of these plants, beekeepers would be encouraged to keep 
more colonies of bees in the vicinity of the crops, and pollination and fruit 
set would be improved. The problem of nectar secretion, therefore, is of 
more than academic interest to the agronomist. 

The first comprehensive work published on nectar secretion was that of 
Bonnier (3) who made physiological, anatomical, and microchemical stud- 
ies in a large number of plant species. Although considerable work has been 
done since Bonnier’s time, no essentially new lines of investigation have 
been followed. Studies have been made of the influence on nectar secretion 
of temperature (5, 9, 11), rainfall (3, 10), soil water content (2), light (9), 
latitude and altitude (3), soil type (8), and atmospheric humidity (3, 12, 
14, 15, 19, 20). Unfortunately, much of this work has been done with small 
samples and without adequate experimental control. As a result, much dis- 
agreement exists in the literature. 


Excellent anatomical studies of the passage of nectar from the nectary 
cells to the exterior have been made by DaumMann (4) and Raprke (13). 
Considerable interspecies variation in the visible mechanics of the process 
was noted. 


Little is known about the basic mechanism of nectar secretion. Two 
general theories are extant: 1. That sugar secretion and water secretion are 
distinct phases, water secretion being analogous to guttation and dependent 
on root pressure (18). 2. That secretion occurs as one phase, nectar being 
secreted in its final form as the result of a specific cellular activity (2, 13). 
Bonnier (3) has presented evidence for a positive relationship between se- 
cretion and root pressure. Raprke (13), on the other hand, has shown that 
secretion can occur in the absence of root pressure in isolated flowers floated 
on sucrose solutions. 

Recently AreNs (1) has advanced an hypothesis in which secretion, ab- 
sorption, and transport of solutes are treated as closely related phenomena 

1 Papers from the Department of Botany and Plant Pathology, The Ohio State Uni- 
versity, Columbus 10, Ohio, no. 539. 

2 Present address: Apiculture Department, Ontario Agricultural College, Guelph, 
Canada. 
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dependent on electro-osmotic currents at the surface of the tonoplast. The 
energy necessary for the maintenance of oxidation-reduction potentials 
across the membrane is assumed to be supplied by respiration. 

The present work represents the initial part of an investigation of the 
influence of several factors on nectar secretion in red clover (Trifolium pra- 
tense L.). It concerns the effects of temperature, solar radiation, atmos- 
pheric humidity, and genotype. 


Materials and methods 


All red clover plants used in the study were of the Kenland variety and 
were cultured in the greenhouse. Samples for nectar assay were taken from 
three sources: transplants to the greenhouse from the field in October or 
November, seedlings, and plants propagated asexually. Plants were main- 
tained in 10-inch or 12-inch pots in a fertile garden soil. All plants used in 
a specific experiment were given pre-treatment conditions of illumination, 
temperature, fertility, and available water, as similar as possible. Trans- 
plants collected in mid-November and seedlings started at the same time 
were in bloom by the middle of February. After January 10, the natural 
photoperiod was extended to 14 hours with illumination from General Elec- 
tric projector flood lamps spaced at intervals of 28 inches. From a height 
of three feet above the plants they provided illumination of 250 to 300 foot- 
candles at the level of the plant tops. 

The Gubin centrifuge method, as modified for direct volumetric measure- 


ments (17), was used to take yield measurements. Inflorescences were in- 


verted in a special centrifuge flask and centrifuged for six minutes at an 
average force of approximately 470 gravity, the centrifugate being collected 
in a calibrated capillary well. The outer 4 to 6 mm. portion of the florets was 
clipped off prior to centrifugation. A binocular microscope (7 x) equipped 
with an ocular scale was used to measure the height of the nectar in the ca- 
pillary well. The refractive index of the nectar was measured with an Abbe 
refractometer, and from this the percentage of total sugar (chiefly sucrose, 
glucose, and fructose) was calculated by referring to sucrose tables. The 
total error of volumetric measurements was of the order of + 3°. The 
precision of the method was earlier studied in detail by Swanson and 
SHvEL (17). 


BASIS FOR CALCULATION OF NECTAR YIELDS 


Because of the wide variation existing in the number of florets per in- 
florescence, it was necessary to find some basis for comparing nectar yields 
other than that of yield per head. A weight basis was therefore adopted. 
Weight of the inflorescence was found to be closely correlated with floret 
number in red clover growing in the greenhouse (17). The validity of the 
weight basis was further tested by calculating the regression of nectar yield 
per unit weight of inflorescence on weight of inflorescence. In a sample of 
100 heads the regression coefficient was nonsignificant, indicating that yield 
per unit of head mass was independent of head size. 
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Results 
THE INFLUENCE OF NIGHT TEMPERATURE ON NECTAR SECRETION 

Wide deviations between day and night temperatures have been thought 
to be more favorable for rapid nectar secretion than relatively constant 
temperatures (10,11). This belief has had its basis in hive records rather 
than in data from controlled experiments. In order to test directly the ef- 
fects of various night temperatures on nectar secretion in red clover, the 
following treatments were assigned to four groups of plants chosen at ran- 
dom: Group I with night temperatures of 78 = 1° F, Group II with night 
temperatures of 70 + 1° F, Group III with night temperatures of 60 + 1° 
F, Group IV with night temperatures of 50 + 1° F. The temperature range 
of 50 to 78° F was chosen because it encompasses the night temperatures 
usually encountered in the field during the season when red clover is in 
bloom. All groups of plants were kept under photoperiods of 14 hours (8 
A.M. to 10 p.M.), the last four or five hours of which consisted of artificial 
illumination of 250 to 300 foot-candles. Groups II and III, which had to 
be moved some distance to special controlled-temperature rooms, were kept 
on trucks. Group IV was moved each night to a force-ventilated dark cabi- 
net (4x4x4ft.).. The 78° F room was equipped with a 1300-watt thermo- 
statically operated fan-foreed heater. In the 60° F room no such provision 
Was necessary, as the ambient temperature was always higher than 60° F. 
Plants of Group I were kept on a greenhouse bench where thermostatting 
gave excellent control of night temperature at 70° F. No control was at- 
tempted over day temperatures, which fluctuated, with daily illumination, 
between 65 and 85° F. 

In the period between February 8, and March 14, 1950, nectar was ex- 
tracted on each of 24 days on which samples commensurate with the size 
of each plant group could be obtained. The first samples were taken on the 
morning after the first night under controlled temperatures. Data were 
analyzed statistically by calculating means and variances of nectar volume- 
yield, nectar sugar weight-yield, and nectar sugar concentration fer each 
group of plants. Groups were compared by the ¢ test. The experimental 
results are presented in table I. 

The lack of significance in differences between mean nectar volume 
yields and mean nectar-sugar weight yields indicates that, if real differences 
did exist, they were too small to be detected with the technique and sample 
size used. Mean differences in nectar sugar concentration were of statistical 
significance. Because of an important effect of atmospheric vapor pressure 
on post-secretion changes im nectar concentration, which will be discussed in 
a later section, too much importance should not be attached to the concen- 
tration data. No provision was possible for keeping the plants under con- 
ditions of constant humidity; and it was evident, from an examination of 
hygrothermograph records, that vapor pressure varied from station to sta- 
tion. Differences in nectar concentration may be attributable, at least in 
part, to vapor pressure differentials. Weight yields, derived from the prod- 
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TABLE | 
NECTAR PRODUCTION IN RED CLOVER AT DIFFERENT NIGHT TEMPERATURES. 














Group Night Numberin Meannectar Mean sugar Mean sugar 

temperature sample volume yield concentration 

Kl. /g. in- mg./g. ine 

florescence florescence 

I 78° F 7.1 + 0.94 16.1 + 1.0 
ll 70° F 18.3 + 1.6 
Ill 60° F 15.8 + 1.1 
IV 50°F 15.1 21.2 


Significant differences 
between means None } I>Iv** 


Ill > Iv** 
I> Il* 








Wt. % sugar 





* Significant at 5% level. 
** Significant at 1% level. 
* Standard error of a mean. 


ucts of volume yields and concentrations, are not invalidated by vapor pres- 
sure differentials. 


NE€TAR SECRETION UNDER CONTROLLED TEMPERATURE AND 
ARTIFICIAL ILLUMINATION 


In a subsequent experiment, the influence of night temperature in the 
range 60 to 70° F was further investigated. Plants were kept under fluo- 
rescent illumination, without supplemental Mazda lighting, of about 1000 
foot-candles at the plant tops, throughout the course of the experiment. 
Both day and night temperatures were controlled. Twenty-four red clover 
plants were paired on the basis of size and age, and one member of each 
pair was assigned at random to one of two rooms. The night temperature 
in one room was kept at 70 + 1.0° F, the night temperature in the other 
room at 60+ 1.5° F. During the 13-hour photoperiod both rooms were 
thermostatted for 77° F. Operation of the refrigeration compressors was 
regulated by Minneapolis-Honeywell Chronotherms. Only the cooling phase 
of temperature control was automatic; there was no heating element for 
raising the temperature rapidly at the beginning of the photoperiod. Tem- 
perature elevation was dependent upon the heat emitted by the fluorescent 
lamps, and consequently room temperatures did not reach 77° F until 
several hours after the beginning of the photoperiod. A slightly longer time 
was required for the attainment of this temperature in the room with the 
60° F night temperature. Except for this temperature differential of about 
two degrees during the first four hours, temperature conditions were similar 
in the two rooms during the photoperiod. The experiment was begun on 
April 22. Samples for nectar assay were collected on April 24 and daily 
thereafter through May 5, with the exception of May 4. The low vigor of 
the plants at this time rendered further attempts at sampling useless. 
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Yield values, expressed as mg. sugar per unit weight of inflorescence, 
were analyzed by variance analysis. Total variance was divided into sev- 
eral components, each assignable to a specific source of variation. Variance 
due to days included the effects of daily fluctuations in environment and 
physiological changes in the plants due to low light intensity. Table II 
contains the results of the analysis of variance. 


TABLE il 


ANALYSIS OF VARIANCE IN NECTAR YIELD (MG. SUGAR/G. INFLORESCENCE) 
IN RED CLOVER KEPT AT NIGHT TEMPERATURES OF 60° AND 
70° F. UNDER ARTIFICIAL ILLUMINATION, 


Degrees of 


Source of variation 
freedom 


Sum of squares Variance 





Days 10 2608.7 
Temperature 1 40.1 
Days x temperature 10 215.4 
Sampling error 110 
Total 131 





* Significant at 1% level. 


As in the previous experiment, mean yields of nectar sugar in plants kept 
at night temperatures of 60 and 70° F did not differ significantly. The sig- 
nificant variation in daily yields can be attributed chiefly to the progressive 
decline in plant vigor under limiting light intensity. This decline was re- 
flected in inflorescence size; the average inflorescence weight decreased from 
970 mg. on the first day to 500 mg. on the twelfth day. In neither of the 
two temperature experiments was there evidence of a favorable effect on 
nectar secretion of wide diurnal temperature variation. 


THE INFLUENCE OF SOLAR RADIATION 


As nectar contains the products of photosynthesis, nectar production must 
ultimately be dependent upon illumination. How direct the association is 
between secretion and illumination is not known. The present section re- 
lates to an attempt to measure the relationship between the quantity of 
sugar secreted as nectar in red clover blossoms and the amount of solar 
radiation reaching the plant. 

A continuous record of sunlight was obtained with a Leeds and Northrup 
Micromax connected to an Eppley pyrheliometer. The pyrheliometer was 
mounted immediately under the glass roof above the greenhouse bench on 
which the plants were disposed. Thirty-six samples, collected daily from 
23 plants and comprising a total of 320 inflorescences, were assayed for 
nectar. The values obtained for daily mean yields and sugar concentra- 
tions of nectar were correlated with daily records of solar radiation. The 
latter values, which were the integration of intensity and duration of illumi- 
nation, were obtained by measuring the area under the Micromax curve 
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with a planimeter and converting the measurement to gram ealorie hours. 
A portion of the time-series curve for daily mean weight yields and daily 
amounts of sunlight recorded is shown in figure 1. Table III contains the 
correlation coefficients for yield and illumination and for concentration and 
illumination. 


The amount of nectar sugar in the inflorescence on a particular day is 
apparently related to the photosynthetie activity of the plant during the 
previous day. The coefficient r for this correlation is 0.424, a value which 
is highly significant statistically, although not so high as might be expected 


in view of the fact that all nectar sugar is derived from photosynthesis. 


HOURS 


O- —O SOLAR RADIATION 


&——A NECTAR SUGAR 


SOLAR RADIATION 
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NECTAR SUGAR 
MG PER G INFLORESCENCE 
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Fic. 1. Time-series curve in illustration of the relationship between the weight of 
sugar excreted in nectar and the total solar radiation incident upon the red clover plant 
expressed as gram calorie hours. 


The explanation for the failure to find a higher value of r may lie in one or 
more of the following considerations: 1. Weight of nectar sugar collected on 
a particular day was a function of solar radiation on the second day previ- 
ous to harvesting, as well as the day previous. This relationship is indi- 
cated by the significant correlation coefficient between weight of nectar 
sugar and solar radiation during the previous two days. 2. Factors other 
than solar radiation affect the amount of sugar excreted in nectar. The 
wide deviation of nectar sugar values from a linear relationship with irradi- 
ation on the previous day may be due to the regression of sugar weight on 
these factors. 3. It is possible that nectar secretion takes place only after 
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TABLE Ill 


CORRELATION COEFFICIENTS FOR MEAN YIELDS AND SUGAR CONCENTRATIONS 
OF RED CLOVER NECTAR WITH SOLAR RADIATION. 








Number of days Value of r necessary 
Canadien Saatiadind te a of for significance at: 
correlation —— 





5% level 1% level 





I* 0.350 0.330 0.424 
Il 0.242 0.330 0.424 
Ill 0.424 0.330 0.424 
IV 0.402 0.339 0.437 








* I—Volume with solar radiation during previous day. 
II—Concentration with solar radiation during previous day. 
I11—Total sugar with solar radiation during previous day. 
1V—Total sugar with solar radiation during previous two days. 


a threshold level of sugar is reached in the plant. The regression of weight 
of nectar sugar on illumination would in that case be non-linear over the 
lower part of the irradiation range. 

The value of r for illumination and volume yield was of a slightly lower 
order than the value for illumination and sugar weight yield, and there was 
no apparent association between illumination and nectar concentration, 2.e., 
the sugar-water mole fractions. 


THE INFLUENCE OF ATMOSPHERIC HUMIDITY ON NECTAR 
CONCENTRATION AND VOLUME 

Lacking exact knowledge of the physical condition of nectar as it passes 
through the membrane of the nectary epidermal cells, one can postulate two 
ways in which atmospheric humidity might influence the water concentra- 
tion of nectar: 1. Indirectly, through its effect on transpiration and cell 
turgidity; the relative amounts of water and sugar in nectar during secre- 
tion may be influenced by the hydrostatic system of the plant. 2. Directly, 
through hygroscopic changes in the nectar after secretion. 

Inverse correlations between nectar sugar content and relative humidity 
have been found by several investigators (12, 14, 15,19). Effects of tem- 
perature and water vapor have not always been separated. Relative humid- 
ity can have no effect on any process per se, but only through the action of 
one or both of its components, temperature and water vapor concentration. 
It is with the effect of the water vapor component that the present section 
is connected. To measure that effeet, temperature must be controlled. 

A hygrothermograph record of relative humidity in the greenhouse sec- 
tion housing the clover plants was kept during the month of April, 1950. 
At night the temperature was maintained at 70 + 1° F. Fluctuations in the 
record were due, then, to changes in vapor pressure. The mean vapor pres- 
sure for the period 8 p.m. to 8 A.M. of each night was correlated with the 
mean nectar concentration and volume yield in flowers collected for nectar 
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assay in the morning between 8 a.m. and 9 A.M. Samples were taken on 
each of 26 days and comprised a total of 260 inflorescences. 

The coefficient of correlation r with vapor pressure was — 0.83 for sugar 
concentration and + 0.54 for nectar volume. For the size of sample used, 26, 
any value greater than + 0.49 is highly significant. The variation of nectar 
sugar concentration and volume with vapor pressure is illustrated in figure 2. 
It appears, from the high value of r for vapor pressure and nectar concen- 
tration, that atmospheric vapor pressure is a major factor in determining 
the percentage of water in the nectar at the time of its extraction. At this 
time the vapor pressure of the nectar has reached, or is approaching, an 


Ge =—G CONCENTRATION 
4—a4 VAPOR PRESSURE 
VOLUME 


PL PER G. INFLORESCENCE 
VAPOR PRESSURE 


MM HG 
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kic. 2. The relationship of mean volume and concentration of red clover nectar 
in inflorescences harvested between 8 A.M ind 9 a.m. to the mean itmospheric vapor 
pressure of the preceding 12-hour period. 


equilibrium with the vapor pressure of the surrounding atmosphere. The 
lower value of r for volume was due, presumably, to the lower degree of 
precision of volume measurements. 

The data contain no evidence as to whether the influence of vapor pres- 
sure is only a simple hygroscopic one or is exerted in part through the 
medium of the plant. Post-secretion changes in nectar concentration were 
next investigated in excised inflorescences. Red clover heads were split 
lengthwise and the two halves were placed in atmospheres of different vapor 
pressure. One member of each pair was kept in a humidity chamber over 
water, the other over a sulphuric acid—water mixture. Both groups were 
kept at a temperature of 52° F. Vapor pressures in the two chambers were 
9.9 mm. Hg and 4.4 mm. Hg, respectively. At the end of eight hours the 
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half-heads were centrifuged and the refractive indices of the nectar read. 
The mean nectar sugar concentration was 10.8% lower in half-heads main- 
tained under a vapor pressure of 9.9 mm. Hg than in those under a vapor 
pressure of 4.4 mm. Hg, as shown in table IV. The difference between 
means was highly significant statistically. 


TABLE IV 


SUGAR CONCENTRATIONS OF NECTAR IN HALF-HEADS OF RED CLOVER KEPT 
AT DIFFERENT VAPOR PRESSURES FOR EIGHT HOURS. 








Nectar concentration 


Pair number (Per cent. by weight of sugar) 





A B 
4.4 mm. Hg 9.9 mm. Hg 


62.5 51.7 
65.2 54.2 
67.6 53.3 
69.9 57.0 
69.4 56.4 
70.1 61.5 
67.8 57.2 
67.0 56.2 
68.5 58.4 
62.4 55.8 


Mean 67.0 56.2 
Value of t 


SCORONAU SP WONe 


_ 


Minimal value of ¢ for 
significance at 1% level 





{ATE OF APPROACH TO EQUILIBRIUM BETWEEN NECTAR AND 
THE SURROUNDING ATMOSPHERE 


Rate of approach to equilibrium was next studied. In order to ascertain 
the importance of hygroscopic changes in the attainment of equilibrium, the 
study was conducted in both attached inflorescences in the greenhouse and 
excised inflorescences in controlled-humidity chambers. Theoretically, the 
establishment of equilibrium in attached inflorescences could proceed via 
both hygroscopic and secretory routes; in isolated flowers, the possible influ- 
ence of the hydrostatic system of the plant is removed. 

Atmospheric vapor pressures were calculated from greenhouse hygro- 
thermograph records for a four-day period when vapor pressure changed 
gradually from 15.2 mm. Hg to 8.2 mm. Hg. Vapor pressures over specific 
sulphuric acid—water mixtures in humidity chambers were known for any 


given temperature. Direct vapor pressure measurements were not readily 
obtainable for nectar and so estimated values of theoretical vapor pressure, 
based on chemical analyses, were used instead. To estimate the theoretical 
vapor pressure, both the total sugar content and the molal ratio of mono- 
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saccharides to disaccharides must be known. Weight percentages of total 


sugars were obtained from refractive indices; weight percentages of reducing 


sugars were determined by the Somocy: method (16). From these data 
molal ratios of invert sugar to sucrose were calculated. 

Representative samples of nectar were taken from both freshly harvested 
inflorescences and inflorescences stored for 20 hours under a vapor pressure 
of 7.6 mm. Hg and a temperature of 50° F. Under these conditions deteri- 
oration of stored blossoms was not serious. 

In duplicate analyses on two composite samples from each source the 
following molal ratios of invert sugar to sucrose were found: Nectar from 
freshly harvested heads—2.5:1, 2.0:1; nectar from stored heads—1.7:1, 
1.3:1. For subsequent calculations of vapor pressure of nectar from freshly 
harvested heads, the mean molal ratio of 2.25: 1 was used; for nectar from 
stored heads, the mean ratio of 1.5: 1. 

Theoretical vapor pressures of nectar from freshly harvested inflores- 
cences were calculated from mean daily sugar concentration values. Excised 
heads were stored at a vapor pressure of 3.9 mm. Hg and a temperature of 
50° F for 12 hours prior to taking the initial concentration readings. This 
was done to ensure that the initial vapor pressure of the nectar would differ 
appreciably from that of the atmosphere in which it was to be placed for 
the experiment. All excised heads were then split lengthwise and one mem- 
ber of each pair of half-heads was centrifuged and assayed for nectar con- 
centration. From the mean concentration value found at this time the 
initial vapor pressure of the nectar was calculated. The remaining half- 
heads were transferred to an atmosphere of vapor pressure 


7.7 mm. Hg and 
temperature 50° F. Centrifuging of these half-heads was done in duplicate 
at two-hour ititervals until the refractive indices of the extracted nectar had 
reached an apparently constant value, and the theoretical vapor pressure 
of the nectar at this value was calculated. 

For the calculation of vapor pressures, Vapor pressure depression curves 
were constructed from data in the INTERNATIONAL CriticAL TABLEs (7). 
Data for mixtures of sugars were not available, however, and data for glu- 
cose were available only for solutions of molality less than one, in which 
range the relative vapor pressure depression curve for glucose parallels that 
of sucrose but is about 12° lower. Any values for vapor pressure of nectar 
taken from these curves were therefore subject to serious uncertainties. In 
order to define approximately the limits for vapor pressure values, calcula- 
tions were made by two methods: 1. Both the sucrose curve and the extra- 
polated glucose curve were used. Vapor pressure depressions of the indi- 
vidual sugars were caleulated independently of one another and added 
together, the effect of a high concentration of one sugar upon vapor pressure 
lowering by another being disregarded. 2. The sucrose curve alone was 
used, the molality of invert sugar being added to that of sucrose and the 
vapor pressure depression calculated for the sum. The fact that relative 
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vapor pressure lowering per mol of sucrose was greater than the relative 
vapor pressure lowering per mol of a monosaccharide was disregarded. 

Method 1 would give too low a value for vapor pressure depression and 
method 2 too high a value. Rates of change in vapor pressure, which are 
of more interest than absolute values, are similar for the two methods of 
calculation. Curves derived from values obtained with both methods are 
presented in figure 3. 
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Fic. 3. Changes in vapor pressure of nectar with changing atmospheric vapor 
pressure in attached red clover inflorescences in the greenhouse and in excised inflo- 
rescences in controlled-humidity chambers. 


Over a 72-hour period vapor pressure in nectar in the greenhouse changed 
by 4.4 mm. Hg. Over a 12-hour period the vapor pressure of nectar in the 
humidity chamber changed by about 0.7 mm. Hg. While on the one hand 
the higher initial vapor pressure gradient in the humidity chamber would 
at first favor a more rapid approach to equilibrium there, on the other hand 
the higher greenhouse temperature (70° F as compared with 50° F) would 
at least partially compensate for the differential due to unequal gradients. 
With due consideration for these uncontrolled variables, it would appear 
that rates of change in vapor pressure were of a similar order in attached 
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and excised inflorescences. If this be so, changes in nectar concentration 
can in the main be accounted for by direct interchange of water molecules 
between the nectar and the atmosphere. 


NECTAR STUDIES IN CLONES 


In order to study the relationship of nectar yield to genotype, clones 
were established from three red clover plants of the Kenland variety. Initial 
propagation was by crown division, further propagation by a method of 
stem cuttings (6). Cuttings were taken from actively growing plants and 
inserted in moist Vermiculite. Cuts were made about one fourth inch below 
the second node from the stem apex. The cuttings were kept in reduced 
light under the greenhouse bench for three to four weeks, then transferred 
to sand in five-inch pots. After six weeks in sand they were re-potted in a 
4:1 mixture of garden soil and sand. At this time the substratum was 
inoculated with a culture of Rhizobium trifolii. Plants were in flower six 
months after the cuttings were made. 


TABLE V 


MEAN NECTAR YIELDS AND SUGAR CONCENTRATIONS IN THREE CLONES 
OF KENLAND VARIETY RED CLOVER. 


Number in Mean nectar volume Mean concentration 


Group sample (u1./g. inflorescence) (% sugar by weight) 








Clone 23 49 44.4 + 1.6* 63.9 + 1. 
Clone 10 53 39.0 + 1.9 63.9 +0. 
Clone 4 48 39.7 + 1.5 63.7 +1 


Least mean difference necessary for 
significance at 5% level: 
Clone 23/Clone 10—5.0 ul. 
Clone 23/Clone 4—4.3 ul. 








*Standard error of a mean. 


A summary of nectar yields and concentrations for the clones, sampled 
over a five-week period in the spring of 1950, is given in table V. The 
apparent superiority of Clone 23 over Clones 4 and 10 with respect to vol- 
ume yield indicates that selection of plants for high nectar yield is possible. 


GENETIC AND ENVIRONMENTAL SOURCES OF VARIATION IN NECTAR 
YIELD AND SUGAR CONTENT 


The contributions of genetic and environmental sources to total variation 
were compared in analyses of variance on samples taken from Clones 23 
and 10 on each of eight days. Tables VI and VII contain the results of 
these analyses. Variance was divided into components attributable to 
heredity (clones), to environment (days), and to the interaction between 
the two. In the analysis of yield, unit variance was of the same order of 
magnitude for clones and days. In the analysis of concentration, unit vari- 
ance for clones was only 4.2 as compared with 323.4 for days. Moreover, 


the unit error variance, representing variability within individual samples, 
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TABLE VI 
ANALYSIS OF VARIANCE IN NECTAR YIELD (MG. SUGAR/G. INFLORESCENCE) 
IN CLONES 23 AND 10 ON EIGHT DAYS. 


Degrees of 


Source of variation 
freedom 


Sum of squares 
Clones 
Days 
Days x clones 
Sampling error 
Total 








* Significant at 5% level. 


was only 6.8. In a similar analysis of variance in concentration in which 
Clones 10 and 4 were compared, the unit variance for days was 393.6, that 
for clones 0, and the unit error variance 12.9. 

From these data the inference may be drawn that, in the three clones 
tested, concentration of nectar at the time of secretion was a relatively con- 
stant value within a genotype (and almost identical for the three genotypes) 
and that the major source of variation was environmental. No significant 
difference between yield means in Clones 23 and 10 appeared when the vari- 
ance analysis form was followed (ef. tables V, VI). This probably resulted 
from the reduction made in sample number in order that sample size might 
be the same on each day. Only 64 inflorescences could be used in the analy- 
sis of variance, whereas 102 were used in the analysis reported in table V. 


Discussion and conclusions 


Knowledge of the influence of various factors on nectar secretion is of 
interest not only because of its application to pollination problems, but also 
because of its bearing on the mechanism of secretion. The effects of tem- 
perature, solar radiation, atmospheric humidity, and genotype were dis- 
cussed in previous sections of this paper. The combined effects of these 
factors, and the bearing which the results of the present experiments have 
on the mechanism of secretion, remain to be considered. To attempt to ex- 
plain such a complex process as secretion on the basis of a few of the many 
factors involved would of course be abortive. Nevertheless, a few salient 


TABLE VII 


ANALYSIS OF VARIANCE IN NECTAR CONCENTRATION (PER CENT. SUGAR BY 
WEIGHT) IN CLONES 23 AND 10 ON EIGHT DAYS. 


Degrees of 
freedom 


Source of variation Sum of squares Variance I 


Clones 4.2 4.2 0.6 
Days 7 3.7 323.4 47.9% 
Days x Clones 74.5 10.6 
Sampling error 32 6.8 





* Significant at 1% level. 
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facts have emerged from these studies which are relevant to any hypothesis 


of nectar secretion: 1. There was a highly significant direct correlation be- 
tween the amount of solar radiation reaching the plant and the amount of 
sugar secreted as nectar. Quantity of illumination had no apparent effect 
on the sugar concentration of the nectar, i.e., the sugar—water mole fractions. 
2. There was a high inverse correlation between the sugar concentration of 
the nectar at the time of its extraction and the average vapor pressure of 
the atmosphere surrounding the plants during the 12-hour period preceding 
extraction. The concentration—vapor pressure correlation was reflected in a 
lower, but highly significant direct correlation between vapor pressure and 
nectar volume. A condition of equilibrium, or an approach to equilibrium, 
between the nectar and the atmosphere, is indicated. Whether the approach 
to equilibrium was through post-secretion interchange of water molecules 
alone, or partly through the secretion of nectar of varying concentration 
cannot be stated with certainty; however, it appears, from a comparison of 
rates of change in nectar vapor pressure in attached and excised inflores- 
cences, that hygroscopic action is sufficiently rapid to account for observed 
changes in concentration. 3. In an analysis of variation of nectar concen- 
tration in three clonal populations, environmental factors (responsible for 
day-to-day variation) were found to contribute far more to the total varia- 
tion than genotype. In one such analysis (table VII) the error variance, 
the measure of variation between individual inflorescences, was 6.8. This 
variance contained, in addition to variation among inflorescences from the 
same plant, the effects of differences among plants within a clone arising 
from slight dissimilarities in environmental history. It seems reasonable to 
conclude, therefore, that in the genotypes studied the sugar concentration of 
the nectar during secretion was fixed within relatively narrow limits by the 
heredity of the plant. These limits cannot be stated exactly; however, if 
the standard deviation of a single determination be taken as a measure of 
dispersion, about two thirds of the nectar concentration values should fall 
within + 2.6% of the mean. 

The following hypothesis is offered in explanation of the facts listed 
above: The concentration at which nectar is secreted is determined by the 
heredity of the plant within limits of perhaps + 3% of the mean value. 
The total amount of sugar secreted is-dependent upon the sugar metabolism 
of the plant which is in turn influenced by the quantity of illumination re- 
ceived. Since the amount of sugar available for secretion and the concen- 
tration of the nectar at the time of its secretion have been defined within 
limits, the volume of nectar secreted is, ipso facto, delimited. Following 
secretion the nectar in the corolla tube approaches an equilibrium with the 
water vapor pressure of the surrounding atmosphere through an interchange 
of water molecules. 

This hypothesis is in accordance with the views of BeuTLer (2) and 
Raprke (13) that nectar is secreted in its final form, in other words, that 
sugar and water are secreted as a solution. 
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Summary 

The influence on nectar secretion in red clover of night temperature, 
solar radiation, atmospheric humidity, and genotype was studied. The 
Gubin centrifuge method, as modified for direct volume measurement, was 
used to measure volume yield. Refractive indices, from which sugar con- 
centrations were derived, were measured with the Abbe refractometer. 

The influence of night temperatures in the range of 50 to 78° F was 
studied under conditions of both natural and artificial illumination. Under 
neither condition could any effect of temperature on the amount of nectar 
secreted be detected. 

Over a period of two months, a quantitative relationship between weight 
of sugar secreted in nectar and the amount of solar radiation incident upon 
the plant was observed. Quantity of irradiation had no apparent affect on 
the concentration of sugar in the nectar. 

From studies of the influence of atmospheric humidity it appears that 
nectar in the corolla tube approaches a state of equilibrium with the vapor 
pressure of the surrounding atmosphere. Vapor pressure probably has the 
greatest influence of all environmental factors on the sugar concentration of 
the nectar at the time of its extraction. Dilution or concentration of nectar 
with changing vapor pressure appears to be achieved mainly through post- 
secretion hygroscopic changes rather than through the medium of the hydro- 
static system of the plant. 

An investigation of the relation of genotype to nectar secretion was con- 
ducted in three clonal populations. The apparent superiority of one clone 


over the others with respect to yield suggests the possibility of selection 
for high-yielding strains. 


In analyses of variance in which total variation was assignable to hered- 
itary and environmental sources, environment was found to contribute by 
far the major portion of the total variation in sugar concentration of nectar 
in the three genotypes studied. 

An hypothesis is advanced to account for the observed effects on nectar 
secretion of the several factors studied. 


The work reported here is the result of co-operative research between 
the Division of Forage Crops and Diseases, Bureau of Plant Industry, Soils 
and Agricultural Engineering, Agricultural Research Administration of the 
U.S. Dept. of Agriculture, and the Department of Botany and Plant Pa- 
thology, Ohio State University, Columbus, Ohio. The author is indebted to 
Dr. C. A. Swanson, Department of Botany and Plant Pathology, Ohio State 
University, and to Dr. E. A. Hollowell and Mr. J. G. Dean, Jr., B.P.LS.A.E., 
U.S. Dept. of Agriculture. 
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Introduction 


In 1936 Burr (3) compared the rate of uptake of COs by plants during 
photosynthesis with the rate of hydration of COz in a water solution at 18° 
C and ordinary atmospheric CO, pressure. It was apparent that CO, up- 
take during photosynthesis proceeded at several times its rate of hydration 
in water. Therefore, it was concluded that if CO2 were hydrated before it 
reacted in the process of photosynthesis the reaction would require some 
catalyst. Burr (3), like MeLtprum and Rovucuton (13) before him, failed 
to demonstrate such a catalyst and therefore assumed that CO» was not hy- 
drated before participating in photosynthetic reactions. NertsH (15) was 
the first to measure carbonic anhydrase activity in leaves. He found it in 
three species which he used for studies on chloroplasts. MommMaerrts (14), 
however, who attempted to confirm Neish’s finding, failed to detect carbonic 
anhydrase activity in plants. 

Subsequently Day and FranKLIN (4) found carbonic anhydrase activity 
in elder leaves, but were unable to find similar activity in 15 other species. 
They partially purified the principle which appeared to be protein in nature 
since it was destroyed by heat. BRrapFreLp (1) succeeded in demonstrating 
carbonic anhydrase activity in a wide variety of plants and along with Day 
and FRANKLIN (4) indicated several differences from the animal enzyme. 
Evidence furnished by Bradfield that carbonic anhydrase activity could be 
found in many species was complemented by Lucas (11, 12) who estab- 
lished activity in leaves of more than 30 species most of which were not iden- 
tical with the ones Bradfield had used in his work. Recently Waycoop and 
CLENDENNING (19) also showed the wide occurrence of carbonic anhydrase 
in plants. The papers by Bradfield, Lucas, and Waygood and Clendenning 
agree in many pertinent points; they indicate that the failure of earlier in- 
vestigators to detect the enzyme activity in plants was probably due to 
inadequate techniques. This is important since if one is to advance the pos- 
sibility of carbonic anhydrase participation in photosynthesis, the demon- 
stration of widespread occurrence of the enzyme activity is essential. The 
principal evidence previously presented for the existence of carbonic anhy- 
drase in plants is that a heat labile factor exists in green tissues of plants 
which catalyzes the conversion of bicarbonate to COz, and the rate of libera- 
tion of COz is proportional to the volume of plant extract used as shown by 


1 Journal Article no. 1211 from the Michigan Agricultural Experiment Station. 
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Waycoop and CLENDENNING (19). Both of these observations are suggest- 
ive of an enzyme catalyzed reaction. Because of the high rate of the un- 
catalyzed reaction and the relative difficulty in measuring such rapid reac- 
tions, it appeared of interest to extend kinetic studies on this catalyst in an 
attempt to contribute further evidence that there is a plant carbonic 
anhydrase. 


Experimental procedure 


In these experiments leaves from tulips (Tulipa Gesneriana) or from 
frozen lamb’s-quarters (Chenopodium album) were used as a source for the 
preparations. These two species were chosen because LucAs and BYERRUM 
(12) had shown them to have a relatively high carbonic anhydrase activity. 
In working up a preparation from these sources the leaves were cleaned by 
wiping with a damp cheese cloth, cut in small pieces, and homogenized with 
two weights of redistilled water in a Waring Blendor for five minutes at 7° 
C (usually 100 gm. wet weight of leaves mixed with 200 ml. of water). The 
leaf homogenate was then strained through four layers of cheese cloth, and 
the residue was rehomogenized in the Waring Blendor with one weight of 


water based on the original weight of leaves. The homogenate thus ob- 
tained was also strained through cheese cloth and the filtrate was combined 
with the original. The total filtrate (325 to 350 ml.) was allowed to stand 


four to five hours and then was centrifuged. When fresh leaves were used 
as a starting material a clear amber supernatant liquid was obtained which 
contained most of the catalytic activity, although some activity could be 
demonstrated in the green precipitated material. When frozen leaves were 
used the supernatant liquid contained a small quantity of green suspended 
material although much green material was removed in the centrifugation. 
Either of these supernatant liquids was used as a preparation for catalytic 
studies. 

It was shown that if preparations were made from the same starting ma- 
terial in the same way, solutions of apparently identical activity were 
obtained. It is desirable in kinetic experiments to obtain reproducible prep- 
arations of the catalyst. It must be noted, however, that when the prepara- 
tions from the plants stood in the ice box at 4° C for two to three days, 
activity began to decrease and after two to three weeks had almost disap- 
peared. The time of use after preparing such a solution is therefore impor- 
tant in obtaining reproducible results. Dry weight measurements were 
made on each leaf preparation by drying 2 ml. samples in an oven at 100° C. 
Dry weight was then used as an index of catalyst concentration. 

Carbonic anhydrase activity was measured by using a modified Warburg 
technique described by Gotpstein (6). The procedure involves measuring 
gas exchange at varying pressure and volume, a valuable method for rapid 
reactions and in studies where the gas exchange is relatively large. In ad- 
dition, it has an advantage over the conventional Warburg technique in that 
no adjustment of the closed arm is necessary. Kress (9, 10) has described 
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the use of the Warburg apparatus employing the constant volume technique 
for measuring animal carbonic anhydrase activity and states that duplicate 
runs checked within 30°. With the method used in this study, duplicate 
runs checked within 10% except when the evolution or uptake of gas was 
less than 10 pl. in which case small differences gave percentage errors as 
high as 20%. 

For the measurements involving COs evolution 0.5 ml. of buffer solution 
of the desired pH was measured into the main compartment of a Warburg 
vessel along with the leaf extract (0.1 to 0.5 ml.). Enough water was then 
added to make 1 ml. One half milliliter of sodium bicarbonate solution in 
water was added to the side-arm. The vessel was connected to a manom- 
eter, placed in the constant temperature bath of the desired temperature 
and flushed with water-saturated N» for 10 minutes. The reaction was ini- 
tiated by tipping the bicarbonate solution from the side-arm into the main 
compartment, an operation which took about four seconds. The period was 
short enough to cause a temperature lowering which required only a second 
or two to readjust after the flask was returned to the bath. Readings were 
then made on the closed arm of the manometer at desired time intervals. 
During the reaction the flask was shaken two times per second at full ampli- 
tude on a circular Warburg apparatus (Gilson Medical Electronics). 

For experiments concerned with CO, uptake, 1 ml. buffer and the desired 
volume of leaf extract were pipetted into the main comnartment and water 
was added to make 1.5 ml. The flask and manometer were again placed in 
the constant temperature bath and allowed to stand for eight minutes. 
Gas mixtures of the desired composition were introduced into the reaction 
vessels by first evacuating the flask and then allowing the mixture to enter. 
Gassing in this way was repeated three times and the reaction was initiated 
by violently shaking the flasks six times per second on a Warburg apparatus 
(A. H. Thomas). Rapid shaking was necessary because with less agitation 
diffusion appeared to become the limiting factor in COs hydration and no 
catalytic activity could be demonstrated under any condition. Uptake of 
COs was measured by reading the closed arm of the manometer at desired 
time intervals. It should be stated that the Warburg flasks were cleaned in 
a sulphuric acid—nitric acid mixture, a precaution recommended by RouGH- 
TON and Bootu (16) for obtaining consistent results in carbonic anhydrase 
measurements. Because of the rapidity of the reactions involved it was 
necessary to follow rigidly a standard procedure in all cases to obtain re- 
producible results. 


In every case when a preparation was tested for enzyme activity, a 
boiled preparation was also run under as nearly the same conditions as pos- 
sible. The boiled preparation was made by heating the leaf preparation in 
a boiling water bath for five minutes. The protein which precipitated was 


then redispersed by grinding with a stirring rod so that a homogeneous solu- 
tion was obtained which could be pipetted easily. The boiled preparation, 
then, was as nearly as possible the same in composition as the active prepa- 
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ration. All experimental analyses were made in duplicate or triplicate and 
several of the kinetic runs were repeated using different leaf preparations. 
Results 
EFFECT OF LEAF EXTRACT CONCENTRATION ON COs EVOLUTION 

The effect of the concentration of the catalyst, as ascertained by dry 
weight measurements, upon the rate of evolution of CO. from a buffered 
bicarbonate solution is shown in figure 1. The ordinate is the first order 
rate constant for the reaction in the presence of leaf preparation minus the 
first order rate constant in the presence of the boiled preparation, a method 
of representing carbonic anhydrase activity utilized by BriInKMAN et al. (2) 
and Kiese and Hastincs (7). The first order rate constant is a valid meas- 
ure of activity only when the hydration of COs is negligible. Therefore, 
only the initial evolution of CO, (15 sec.) was used to calculate these data. 
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Fic. 1. The influence of leaf extract concentration on the evolution of CO.. Addi- 
tion: 0.5 ml. 0.05 M phosphate buffer pH 7.4; 0.5 ml. NaHCO, to give final concentra- 
tion of 6 x 10"? M; 0.1 to 0.5 ml. leaf extract from tulip containing 10.2 mg. dry matter 
per ml.; water to make 1.5 ml. at 30° C. Gas phase No 


The abscissa is mg. dry weight of the preparation added. It is apparent 
that the rate of evolution of CO. from the buffered bicarbonate substrate 
is directly proportional to the concentration of solid material in the added 
plant leaf preparation. 

It should be noted that as bicarbonate is converted to COs and H.O, H+ 
also reacts and a buffer of about 0.1 M phosphate is required to maintain 
the pH during a three minute period. RovGuton and Booru (17) have indi- 
cated that inorganic ions in the buffer catalyze CO. hydration in the ab- 
sence of carbonic anhydrase. Therefore, to minimize this effect an attempt 
was made to choose a buffer which would be of low concentration but which 
would still maintain a constant pH during the time of experimentation. A 
0.05 M phosphate buffer as suggested by Rovcnton and Booty (17) was 
chosen which gave a final concentration in the flask of 0.017 M. With this 
buffer concentration the pH rose during the time of measurement not more 
than 0.15 pH units. However, after the reaction had proceeded to equilib- 
rium the pH change was usually about 0.5 pH units. 





BYERRUM AND LUCAS: CARBONIC ANHYDRASE 


THE EFFECT OF LEAF EXTRACT CONCENTRATION ON CQO. UPTAKE 

The hydration of COz was also measured as a function of the concentra- 
tion of the catalyst expressed as dry weight in the plant leaf preparation. 
The data are presented in figure 2. The ordinate is the first order rate con- 
stant for the hydration of COs, in the presence of the enzyme preparation 
minus the first order rate constant in the presence of boiled preparation. 
The abscissa is concentration of dry matter added in the leaf preparation. 

There appears to be a straight line relationship between COs uptake and 
concentration of the preparation. It is of interest to note that the pressure 
of COs» used in the atmosphere as a substrate was 300 mm. Hg. Two other 
pressures were tried, 748 mm. Hg of CO, and, 37 mm. Hg of COs. With 
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Fic. 2. The influence of leaf extract concentration on CO, uptake. Additions: 
0.5 ml. 0.05 M phosphate pH 6.62; 0.1 to 0. ml. of leaf extract from lamb’s-quarters 
containing 20.0 mg. per ml. dry weight; water to make 1.5 ml. at 30° C. Substrate was 
300 mm. Hg of CO, in gas phase. 


neither of these could any difference in CO, uptake between active and 
boiled enzyme solution be demonstrated. This is similar to the observation 
of Krese and Hastincs (8) with animal carbonic anhydrase in which ac- 
tivity was demonstrated only within a relatively narrow range of COs 
pressures. 


THE EFFECT OF CONCENTRATION OF THE SUBSTRATE ON CQO. EVC UUTION 

The effect of the concentration of sodium bicarbonate, the substrate, on 
evolution of CO, in the presence of the plant leaf preparation is presented 
in figure 3. The ordinate is »M of CO. liberated during the first 15 sec. of 
the experiment, minus the »M of COs, liberated in the presence of a boiled 
preparation in the same time. The first order rate constant was not used as 
a measure of activity in this case because at the higher substrate concentra- 
tions shown in this figure the reaction was no longer first order. The ab- 
s¢issa is the molarity of substrate, sodium bicarbonate. 
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Fic. 3. The influence of substrate concentration on the evolution of CO. Addi- 
tions: 0.3 ml. leaf extract from frozen lamb’s-quarters containing 20.0 mg. per ml. dry 
weight; 0.5 ml. of 0.05 M phosphate buffer pH 6.62; 0.5 ml. NaHCO; to give final con- 
centration of 6x 10-* M; water to make 1.5 ml. at 30° C. Gas phase N2 


It will be noted that when 6 mg. of leaf preparation were used through- 


out as the enzyme, the rate of evolution of CO, increased as the substrate 
concentration increased up to about 4 x 10° M bicarbonate. Any further 
increase in substrate concentration gave no further increase in reaction rate. 
It might be postulated that the leveling off of the curve resulted from the 
fact that diffusion limited the rate of evolution of COs, but this seemed im- 
probable in that evolution of CO. two or three times greater than that noted 
in this experiment have been observed. 


THE EFFECT OF PH ON COs EVOLUTION 


The effect of pH on the evolution of COs in the presence of the extract 
of the plant leaf is presented in figure 4. The ordinate is expressed as the 
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Fic. 4. The influence of pH on the evolution of CO:. The solid line is for phos- 
phate buffer; the broken line for veronal buffer. Additions in phosphate buffer experi- 
ments: 0.3 ml. leaf extract from lamb’s-quarters containing 20.0 mg/ml. dry weight; 
0.5 ml. of 0.05 M phosphate buffer. Additions in veronal buffer experiments: 0.3 ml. 
leaf extract from frozen lamb’s-quarters containing 20.6 mg./ml. dry weight; 0.5 ml. 
0.08 M veronal. Additions in both experiments: 0.5 ml. NaHCO; to give final concen- 
tration of 6x 10"? M; water to make 1.5 ml. at 30° C. Gas phase No. 
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difference in first order rate constants as explained formerly. The abscissa 
is the initial pH of the buffer. During the time of the experimental deter- 
mination this pH did not rise over 0.15 pH units, and it should also be indi- 
cated that the pH change in all of the experiments was about the same. It 
may be seen that the CO, evolution under these conditions was dependent on 
pH. Another point may be illustrated by these data. The CO, evolution 
in the presence of phosphate buffer was ascertained with a plant extract 
which was eight hours old, whereas the age of the preparation used in the 
veronal experiments was about one week old. It was demonstrated that the 
activity of the eight hour sample was the same, within experimental error, 
in either phosphate or veronal buffer. It is therefore evident that activity 
of these preparations decreased upon standing in the ice box. 
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Fic. 5. The influence of temperature on the evolution of CO,z. Additions: 0.3 ml. 
leaf extract from lamb’s-quarters 20.0 mg./ml. dry weight; 0.5.M phosphate buffer pH 
6.57; 05 ml. NaHCO, to give final concentration 6x 10-°M; water to make 1.5 ml. 
Gas phase Ne. 


THE EFFECT OF TEMPERATURE ON COs EVOLUTION 


In figure 5 data are presented which show the influence of temperature 
on the evolution of CO, from a bicarbonate substrate in the presence of the 
plant leaf preparation. The ordinate is a difference in first order rate con- 
stant as described previously. The abscissa is the temperature of the ex- 
perimental measurement. In making these measurements, the Warburg ves- 
sels were placed in a bath of the desired temperature and allowed to remain 


for 10 minutes. The output of CO, was then measured as previously de- 


scribed. It will be noted that the activity of the system increased as the 
temperature increased up to 40° C. An increase in temperature above 40° 
C produced a sharp drop in activity until at 50° C no catalytic action could 
be demonstrated under these conditions. 


Discussion 


The results of the present study provide further data which indicate that 
the catalyst for the reversible conversion of CO, to bicarbonate, which js 
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found in the green tissues of plants, is an enzyme. The observations which 
were typical for reactions catalyzed by enzymes were the following: the 
rates of the evolution and the uptake of CO. were directly proportional to 
the concentration of catalyst present as judged by dry weight measure- 
ments; the rate of evolution of CO» was proportional to the substrate con- 
centration up to certain concentration beyond which the reaction rate did 
not increase even though the amount of substrate was increased; the cata- 


lyst was active only over a relatively narrow pH range and a bell-shaped 


pH activity curve was obtained; the reaction rate was directly proportional 
to the temperature between 0 and 40° C; and higher temperatures resulted 
in an abrupt decrease in reaction rate until at 50° C no catalytic action 
remained. 

The kinetic data for plant carbonic anhydrase may also be compared 
with the observed kinetics of photosynthetic processes. Waycoop and 
CLENDENNING (19) discussed the participation of carbonie anhydrase in 
photosynthesis and they conclude on theoretical grounds, as did Burr (3), 
that photosynthesis is the only plant process in which COs participates 
which is rapid enough to require such a catalyst. In addition, these authors 
have shown that plant carbonic anhydrase is inhibited by eyanide, and they 
compare this observation with the fact that COs fixation in photosynthesis 
is also inhibited with cyanide. The discovery that carbonic anhydrase oc- 
curs widely in the plant kingdom has been taken to be suggestive of partici- 
pation of the enzyme in photosynthesis (12, 19). In the present study the 
following observations might also be suggestive of a participation of car- 
bonie anhydrase in photosynthetic processes: carbonic anhydrase catalyzes 
the hydration of COs as well as the dehydration of bicarbonate; photosyn- 
thesis and carbonic anhydrase activity exist in the same range of pH (6.0 to 
8.0) ; the temperature coefficients of photosynthesis (5) and the carbonic an- 
hydrase reaction are similar in that they vary between 1.0 and 2.0 depend- 
ing on the temperature range used for the calculation; neither the reactions 
associated with photosynthesis (18) nor the carbonic anhydrase reaction 
occur at temperatures above 50° C, a relatively low temperature for com- 
plete inactivation of enzymatic processes. 

The evidence presented in the present paper seems to support the propo- 
sition that an enzyme exists in green plants which catalyzes the reversible 
conversion of CO, to bicarbonate, and it is suggested that this enzyme might 
participate in photosynthetic processes. 


Summary 


1. A water extract of leaves of tulip and lamb’s-quarters was shown to 
catalyze both the dehydration of carbonic acid and the hydration of CO, in 
direct proportion to the weight of leaf preparation present in the system. 

2. The catalytie rate of dehydration of carbonic acid was demonstrated 
to be dependent on pH. In phosphate buffer the optimum pH for activity 
was pH 6.5 whereas in veronal buffer the optimum was pH 7.1. 
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3. Temperature also had an effect on the rate of dehydration of carbonic 
acid in the presence of the leaf extract. The reaction rate increased with 
higher temperatures up to 40° C and then decreased abruptly until at 50° C 
no catalytic activity could be demonstrated. 

4. The rate of evolution of CO» was affected by the concentration of bi- 
carbonate, the substrate. The reaction rate increased as substrate increased 
up to a concentration of 4 x 10° M under the conditions employed and a 
further increase in substrate gave no greater reaction rate. 

5. The evidence suggests that an enzyme, plant carbonic anhydrase, ex- 
ists. A possible role for the enzyme in the initial phase of photosynthetic 
processes is suggested. 


The authors are indebted to Mr. Alfred Ritchie and Miss Margaret Bur- 
roughs for technical assistance in these studies. 
Kepzie CHemicat LABORATORY AND 
MicuHicaAN AGRICULTURAL EXPERIMENT STATION 
MicuicaNn State CoLiece 
East Lansinc, MiIcHIGAN 
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Introduction 

Selective herbicides have been used for weed control since the turn of 
the century, but the use of 2,4-dichlorophenoxyacetic acid (2,4-D) has devel- 
oped during the past decade. This chemical is valuable because numerous 
broadleaved weeds are susceptible to low rates of application and many 
agronomic crops are tolerant to these small dosages. Barley has been con- 
sidered to be one of the relatively tolerant crops, but the work of numerous 
investigators indicates that some stages of growth are less tolerant than 
others. The purpose of this study has been to correlate yield response with 
physiological activity and morphological stage of development at the time 
of treatment with 2,4-D. 

KLINGMAN (9) reported more head abnormalities of barley, oats, and 
wheat when 2,4-D treatments were applied before the jointing stage, 
whereas treatments made at the boot and heading stages caused greater re- 
duction in yield. Foster (6), Friesen (7, 8), Leccerr (10), OLson et al. 
(11), and others have treated spring-sown barley at from 4 to 64 stages of 
growth, extending from pre-emergence to the dough stage. OLson et al. 
(11) found that there were two critical periods in barley and wheat develop- 
ment when the yield was reduced sharply by treatments. One of these was 
an early seedling period when the plants were one to five inches tall. This 
period seemed to be somewhat shorter in barley than in wheat. The other 
period extended from the time that plants were well into the boot stage to 
a few days before heading. Lrccrerr (10) designated the final stage of the 
early seedling period as the three-leaf stage for Olli barley, while DerscHEID 
et al. (5), who treated several varieties at four stages of growth, showed 
that the five-leaf stage was most susceptible, followed in order by heading, 
fully tillered, and milk stages. Foster (6), however, reported a reduction 


in the yield of barley when the shot-blade was formed, which apparently is 


a stage occurring between the two critical stages designated by OLSON et 
al. (11). 

SHAFER (12) showed that the yield of Nemaha oats was reduced by 
treatment with 2,4-D at the jointing stage, and that the decrease was due 
to a reduction in number of florets per panicle, reduced seed weight and 
fewer flowering culms per plant. ANDERSEN and HERMANSEN (2) found that 

1 Journal paper no. J-1969 of the Iowa Agricultural Experiment Station, Project 944, 


with the cooperation of the Agronomy Department of the South Dakota Agricultural 
Experiment Station. 
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the yields of barley, oats, and wheat treated at early stages of growth were 
reduced in proportion to the reduction in number of culms per square meter 
of plot. The number of culms was increased at later stages, but there was 
still a reduction in yield due to a decrease in number of seeds in oats and a 
decrease in numbers of fertile florets and seeds in barley. 

ANDERSEN and HERMANSEN (2) conducted an extensive investigation on 
the influence of stage of growth at time of treatment on the type, frequency, 
and location of abnormalities. They found tubular leaves on barley plants 
treated before the fifth leaf had emerged. The highest percentage of abnor- 
mal kernels was found on barley treated at the 3 to 4.5 leaf stages. They 
noted the location of these abnormalities and observed that the abnormali- 
ties commence in the lower third of the spike, gradually moving upwards 
and there is an interval of six to eight days between the maximum of ab- 
normalities in the lower and in the upper third of the spike. The suscepti- 
ble period of the spike lasts about a fortnight, but in the separate parts of 
the spike the period is shorter. At the time when the largest number of ab- 
normalities are found in the lower third of the spike, there are very few in 
the upper third and vice versa. ANDERSEN and HERMANSEN (2) suggested 
that the fact that the occurrence of abnormalities depends on the stage of 
development of the plant indicates that the differentiation of cells forming 
the first rudiment of an organ may be profoundly affected by hormone de- 
rivatives given at a certain early date. 

STANIFORTH (13) showed that treatments applied to corn at or near the 
time of tassel initiation caused a reduction in the development of the tassel, 
and treatment applied one or two days prior to silking inhibited seed set. 
He postulated that the greatest inhibitory effect was during the time of 
meristematic differentiation. 

Asana et al. (3) grew seedlings of two wheat varieties in water and soil 
cultures containing 2,4-D. Treated plants in the water culture had fewer 


tillers and fewer ridges on the growing point at the end of six weeks; and 
had fewer tillers, unfolded leaves and spikelets, and shorter stems and spikes 
at the end of 12 weeks. Similar results were obtained on soil culture. Grain 
yield of the susceptible variety was reduced 39° because the number of 
spikes and number of seeds per spike were reduced. 


Materials and methods 

Triplicate, weedfree, four-row by 14-foot plots of an early variety and a 
late variety of barley were sprayed at three day intervals with a butyl ester 
of 2,4-D at the rate of one pound acid equivalent in 40 gallons of water per 
acre at Brookings, South Dakota in 1949, and at Ames, Iowa in 1950. 
Plains was used as the early variety each year; Wisconsin-38 was used as 
the late variety in 1949, but Moore was substituted for it in 1950 because 
Wisconsin-38 lodges badly at Ames. The stage of development of the grow- 
ing point was determined at the time of each treatment, for the main culm 
in 1949, and for the main culm and tillers in 1950. Dissections and inter- 
pretation of stage of development were made as outlined by Bonner (4). 
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Chemical applications were made with a knapsack sprayer equipped 
with « wide angle nozzle, held high enough to cover a two foot strip at the 
top of the plants. The middle two 1ows were treated and the plants along 
10 feet of these rows were harvested. The grain was weighed to the nearest 
gram and yields are reported in bushels per acre. Four samples of 100 seeds 
from each plot were weighed to the nearest milligram to determine the seed 
weight. These samples were also used for germination tests in 1949. The 
number of spikes was counted on two, one foot by two row portions of the 
middle rows of each plot to determine the number of spikes. The number 
of seeds per spike was calculated from the data on yield, seed-weight, and 
number of spikes. 











Fic. 1. The nine stages of growth treated in 1950. Top: Plains variety. Bottom: 
} d 
Moore variety. 


Quadruplicate, two-row by 20-foot plots of spaced plants also were 
treated in 1950. The central culms of Plains seedlings were tagged, the 
spikes from 20 culms were harvested from each plot, and the number of 
seeds per spike counted. The yield per plant and the number of tillers per 
plant, with or without spikes, was determined for both varieties. 

The stages of growth treated are shown in figure 1. The first treatment 
was May 10, 1949 (28 days after seeding and 21 days after emergence) and 
May 16, 1950 (29 days after seeding and 23 days after emergence). The 
1949 treatment was made when the fifth leaf had emerged on each variety 
but before any tillers had developed. The growing point of Plains was 
floral, but that of Wisconsin-38 was still vegetative. Three days later the 
growing point of Wisconsin-38 was floral also. The 1950 treatment was 
made when the fourth leaf of Plains was expanded and when the first tiller 
of a few plants had emerged, but before the growing point was floral. The 


i 
: 
; 
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fourth leaf of Moore had emerged, but no tillers had developed and the 


In 1950, floral primordia were first observed 


growing point was vegetative. 
in the central culm and two tillers of Plains when the second, fourth, and 
Floral primordia were observed in the central 


fifth treatments were made. 





Fic. 2. Growing points of Moore wl four, five, six, seven 
(left to right) central culm, first, second and third tillers when 


and nine were applied; righ 
ind six, and 6 for 


present. Magnification is 12 

seven and nine 

culm and three tillers of Moore at the time of the third, fifth, seventh, and 
ninth treatments, as shown in figure 2.. The last 1950 treatment was applied 


June 9, when the awns of Plains were emerging and when the upper inter- 


nodes of Moore were starting to elongate, 
This stage was three or four days younger than 


but before the voungest tillers 


had started to lengthen 
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the last stage treated in 1949. Since anthesis normally takes place in Plains 
three or four days before awns emerge, it is probable that this phenomenon 
was occurring when the seventh 1949 treatment and seventh and eighth 1950 
treatments were made. 

Spaced plants were at the same stage of growth as plants in drilled rows 
during the first few dates of treatment. They were four or five days later 


in heading and ten days later in maturing, indicating that they were slightly 


more developed on the ninth date of treatment than the plants in nursery 
plots on the seventh date of treatment. ; 

A split plot design was used each year. Dates of treatment were split 
by varieties in 1949, but varieties were split by dates of treatment in 1950. 
A split-plot analysis of variance was applied to each year’s data and a least 
significant difference was calculated for the interaction, varieties x dates of 
treatment. 
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Fic. 3. Yields of both varieties after being treated with 2,4-D at nine stages of 
growth and when not treated in each year. 


Experimental results 
The yields of both varieties for each year are plotted as a function of 
stages of growth in figure 3. The points on the abscissa are adjusted so 
that any one point represents the same stage of floral primordia develop- 
ment for all four curves. The yields, seeds per spike, seed weight and spikes 
per foot are given in table I for Plains and table II for the late varieties. 
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TABLE I 


MEAN YIELDS AND COMPONENT PARTS OF YIFLD OF PLAINS BARLEY TREATED 
WITH 2,4D AT NINE STAGES OF GROWTH IN TWO YEARS. 


Stage of growth Seeds per Grams per Spikes/foot 


Bu. /acre Germination 


when treated spike 100 seeds of plot 





Central culm floral 7 3.3% 

6 leaves and 1 tiller f ' 3.455 72 90 
7 leaves and 2tillers  5¢ 4° 7! 92 
7 leaves and 2tillers ! 2 3.3¢ 14 89 
7 leaves and 2tillers 51.4 } 93 


7 leaves and 2tillers 5§ , 92.5 93 
Anthesis (estimated) 4 3.195 101.0** 90 
Awns emerged 5 7 3.243 91.0 92 
8 leaves and 2tillers |! 3.240 75.8 91 
Untreated ‘ 24.: 3.241 79.5 92 





L.S.D. at 5% level 7.§ ‘ 0.501 3.€ 
L.S.D. at 1% level 10.2 0.683 19.0 5.2 





Seeds/spike 
main culm 





4 leaves and | tiller 34.5 te 3.555 82.8 39.5 
Central culm floral 33.7* led 3.344 86.9 39.4 
5 leaves and | tiller 36.3 , 3.377 81.5 47.2 
Ist tiller floral 34.1* 7.7 3.555 82.8 38.9 
2nd tiller floral 34.3 : 3.493 91.5 42.8 


7 leaves and 2tillers 45.6 933 3.307 93.0 45.1 
Anthesis (estimated) 31.8** 14.7** 3.302 105.3* 44.5 
Anthesis (estimated) 34.5 18.3 3.448 85.8 44.0 
Awns emerged 38.4 22.3 3.288 80.0 33.6 
Untreated 3.306 





L.S.D. at 5% level f 5.: 0.536 
L.S.D. at 1% level od 7.0 0.719 20.0 





* Significantly different than untreated at 5% level. 
** Significantly different than untreated at 1% level. 


During the warm, dry growing season of 1949, the yield of Wiscon- 
sin-38 was significantly reduced by the first two treatments when the floral 
primordium was being differentiated in the central culm. The yield was 
significantly reduced also by treatment at stages five, six, seven, and nine 
when this variety was in the same stage of growth as Moore in 1950, t.e., 
when floral primordia of the tillers were being initiated. The number of 
seeds per spike also was significantly reduced by treatment at stages 1, 2, 3, 
5, 6, 7, and 9. The yield of Plains was not reduced significantly by the 
first treatment in 1949, which was applied after floral initiation in the cen- 
tral culm was completed. The yield was significantly reduced, however, by 
treatment at stages 4 and 5 (table I) and the number of seeds per spike was 
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TABLE II 


MEAN YIELDS AND COMPONENT PARTS OF YIELD OF TWO LATE BARLEY VARIETIES 
TREATED WITH 2,4-D AT NINE STAGES OF GROWTH. 








Stage of growth 
when treated 


Seeds per Grams per Spikes/foot 
spike 100 seeds_ of plot 


Bu./acre Germination 





Wisconsin-38, 1949 





5 leaves 19.3** 3.434** 
Central culm floral 23.3** 3.250* 
6 leaves and | tiller 27.7* 3.144 
6 leaves and 1 tiller 29.0 2.751 

7 leaves and 2 tillers : 22.3** 2.691 


7 leaves and 2 tillers 25.0** 2.652 
8 leaves and 3 tillers 23.7** 2.577 
9 leaves and 3 tillers 30.0 2.915 
9 leaves and 3 tillers 23.3** 3.013 
Untreated 33.0 2.716 





L.S.D. at 5% level Te! 5.2 0.501 
L.S.D. at 1% level 73 0.683 





Moore, 1950 





4 leaves 23.3 3.565 56.0** 
4 leaves 20.0 3.402 76.0 
Central culm floral 21.3 3.339 69.8 
6 leaves and 1 tiller 21.3 3.354 77.0 
Ist tiller floral 20.3 3.270 79.0 


7 leaves and 2 tillers 20.3 3.226 79.8 
2nd tiller floral 19.0 3.244 85.3 
8 leaves and 3 tillers 24.0 3.215 79.0 
3rd tiller floral 22.0 3.273 75.5 
Untreated 22.3 3.221 


7 
. 
* 


No-— & & bo & Co Bm 6 


Anne COO 
. 





L.S.D. at 5% level 5 : 0.536 
L.S.D. at 1% level 0.719 


aod 
ee 





* Significantly different than untreated at 5% level. 
** Significantly different than untreated at 1% level. 


reduced at stage 5 when floral initiation of tillers took place in 1950. Spike 
malformations were most prevalent when yield was reduced. 

During the cool season of 1950 the yield of Moore was significantly de- 
creased by the first treatment, which was applied six days before floral ini- 
tiation was observed in the main culm. None of the other varieties was 
treated at such an early stage of development. The data in table II show 
that the number of tillers per spaced plant and the number of spikes per 
foot were significantly reduced. The yield of Moore was depressed five to 
seven bushels per acre by treatments 2, 3, 5, 6, 7, and 9 (table II), while 
Plains was injured to a similar degree by treatments 1, 2, 4, and 5 (table I). 
In each case, the treatment was applied at the time, or three days prior to 








PLANT PHYSIOLOGY 


the time, that floral primordia were observed. A smaller reduction resulted 


from treatments applied three days after floral primordia were observed in 
the central culm for each variety (treatment 4 for Moore and 3 for Plains). 
The decreases in yield were accompanied by comparable reductions in the 


Fic. 4. Vegetative malformations found on plants treated at the four- to five-leaf 
stage of growth. Left: Constricted sheath. Right: Incomplete heading 
number of seeds per spike. Spike abnormalities were observed on all plots, 
but the frequency was lower than in 1949. 

The yield of Plains was significantly reduced each year by treatments 
applied three to five days before any spike emerged, when this variety was 


thought to be in anthesis. The number of seeds per spike was decreased, 


but there was an increase in number of spikes and number of blasted florets. 


Seed weight was not decreased by any treatment, but was increased by the 
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first two treatments applied to Wisconsin-38, when the number of seeds per 
spike was reduced. The 1949 data on seed viability indicate that germina- 
tion was not impaired. The relation between yield and its component parts 
is shown in tables I and II. Yield reduction was closely associated with de- 
crease in the number of seeds per spike, except when the number of spikes 
was reduced by the first treatment of Moore. 

Several types of abnormalities were observed. The constricted sheath, 
designated as tubular leaves by ANDERSEN and HERMANSEN (2) was com- 
mon on plants treated at the four- to five-leaf stage. The collar of the 
sheath was so constricted that only the awns emerged. When the upper 
internode elongated normally, it exerted enough force to break through the 
side of the sheath, and drew the previously emerged awns back through the 
collar, but when it did not elongate, there was incomplete heading (2). 
Both malformations are shown in figure 4. Four other abnormalities are 
shown in figure 5. A second malformation, designated as tweaked spike by 
ABeRG and Wiese (1), appeared to have fewer spikelets than normal be- 
cause a rachis internode elongated. A third abnormality was the double 
spike in which a rachilla lengthened and performed the functions of a rachis 
by producing secondary rachillae and a secondary spike. A fourth abnor- 
mality was the multiple spikelet group in which more than three spikelets 
were produced in a spikelet group. It was similar to the supernumery 
spikelet (2) but all florets came from the same level. A fifth malformation 


vas the blasted floret, which may be the same as the sterile floret or sterile 
spikelet referred to by Leccerr (10), SHarer (12), and others. The outer 
glumes were in place, but fruit was not present at harvest time. Either the 
fruit was not produced, or it shattered after maturity. This last abnor- 
mality was most prevalent on plants treated near heading time. 


Discussion 


When the differences in growing conditions are considered, the data for 
the two years are in close agreement. The warm, dry growing conditions 
of 1949 were conducive to a slow growth rate and more rapid differentiation. 
Floral initiation was rapid in any one culm, and the growing points of all 
central culms tended to be differentiated over a short interval. The same 
condition was true for tillers. Treatments applied during differentiation 
caused large reductions in yield and increased the frequency of spike ab- 
normalities. Under these conditions there was a period between the time 
that floral initiation took place in the central culm, and the time it took 
place in the first tillers in which treatments did not materially affect yield 
or morphological arrangement of florets. The cool growing conditions of 
1950 were conducive to rapid growth and slow differentiation. Floral ini- 
tiation was slower in any given culm and consequently, fewer central culms 
or fewer tillers would be undergoing differentiation at any one time, and no 
one treatment would affect so many growing points and give such large re- 
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Fic. 5. Floral malformations found on plants treated during floral initiation and 
development. P3: Tweaked spike. P4: Double spike. PS: Blasted floret found on 
Plains when treated at third, fourth and eighth stages of development. Lower left: 


multiple spikelet group found on plants treated at several stages 


ductions in yield or so many spike abnormalities. On the other hand, the 
overlapping of the differentiation of several primordia (main culms and 
tillers) gave a long period of moderate yield reductions following treatment. 
The data in the study indicate that reduction in yield between the five-leaf 
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and boot stages is due to the inhibition of floral initiation and development, 
and substantiate the hypothesis proposed by StanirortH (13) that the 
greatest inhibitory effect of 2,4-D is the inhibition of meristematic differ- 
entiation. 

The depressing effects of 24-D on yield at or near anthesis are less 
definite. The yield and number of seeds per spike of Plains were signifi- 
cantly reduced each year. This pre-heading stage corresponds in develop- 
ment and was similar in reaction to the pre-silking stage in corn treated by 
STANIFORTH (13), who suggested that decreased seed set may have been the 
result of inhibited macrogamete formation. This stage is slightly later than 
the stage treated by ANDERSEN and HERMANSEN (2), who postulated that a 
susceptible period occurs about the time that sex cells are formed. It is 
therefore possible that embryo sac development and gamete differentiation 
were inhibited; fewer seeds were formed and a reduced yield resulted. 

The number of spikes per foot of plot was increased when Plains was 
treated at the time of anthesis. ANDERSEN and HERMANSEN (2), likewise, 
found that 2,4-D treatments applied after the time that spike abnormalities . 
were produced caused an increase in the number of culms. Since many 
culms were green, they postulated that the tiller buds of older plants were 
protected from the spray and were not injured. When the growth of the 
main culm was checked by the chemical, lateral shoots were given less com- 
petition for nutrients and made increased growth. 

In this study the number of seeds per spike of the central culm of Plains 
spaced plants was reduced by treatment at the time of anthesis, indicating 
that the central culm was stunted. If the main culms were stunted and 
more tillers produced, vegetative growth would tend to use the available 
food at the expense of the fruit. Because of the lack of food for fruit de- 
velopment, some florets would abort, decreasing the number of fruits and 
the weight would be decreased. In this study the total number of seeds 
per plot was decreased, but average weight was not affected. ANDERSEN and 
HERMANSEN (2) showed that seed weight in barley and seed weight and seed 
number in oats were decreased. It is therefore, possible that reduced yield 
caused by treatment near heading time is the result of increased vegtative 
competition which follows a suppression of main shoot development. 

The data indicate that floral initiation of all the central culms in a plot 
required less time in 1949 than in 1950. The same was true for tillers, al- 
though there was an overlapping of differentiation in the first and second 
tillers. Floral initiation of the main culm and the first two tillers required 
an interval of 12 to 16 days in 1950. This period was divided into two 
shorter intervals in 1949. ANDERSEN and HERMANSEN (2) did not study the 
abnormalities formed on the central culm and tillers separately, and they 
reported that spike malformations were caused by spraying with 2,4-D dur- 
ing a period of about two weeks. 

When the data of this study are used in conjunction with those of others 
(2, 3, 5, 11, 13), it appears that the growth of barley can be divided into at 
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least four developmental periods, each responding in a different way to 


2,4-D. The four periods are 1. a susceptible seedling period extending from 
shortly after emergence to the fifth leaf expanded stage, 2. a relativly tol- 
erant period between the five leaf and early boot stages, 3. a second suscep- 
tible period from pre-heading to late heading and 4. a resistant post-heading 
period. 

During the seedling period (at least the latter part of it) 2,4-D inhibits 
the differentiation of tiller buds. When the number of tillers is reduced, the 
number of spikes is decreased and yield may be greatly depressed; conse- 
quently, this period is considered to be the most critical. In the second pe- 
riod, floral initiation is inhibited, the number of seeds per spike is reduced 
and yield is decreased. The severity of injury is proportional to the number 
of growing points in the process of differentiation at the time of treatment. 
Since 2,4-D must be applied during a short interval when many growing 
points are being differentiated in order to cause a large reduction in yield, 
this second period is considered to be relatively tolerant, although serious 
yield reductions are possible. In the third (heading) period, it is possible 
that growth of main culms is stunted and vegetative growth of tillers is pro- 
duced at the expense of fruit growth, or that the development of embryo sac 
and gametes is inhibited. Regardless of the process affected, the reduction 
in yield is associated with a decrease in seed number. Since large depres- 
sions in yield are consistently obtained by treatment during this third pe- 
riod, it is considered to be relatively susceptible. During the post-heading 
period, there is no differentiation of meristematic tissue and the application 
of 2,4-D does not reduce yields. 

Although the rate of morphological development was affected by envi- 
ronment, the sequence of development was unaltered. Floral initiation of 
the central culm of an early and a late variety was completed when the fifth 
leaf had expanded under two distinctly different sets of growing conditions. 
At this stage two seedling leaves had dried up and almost disappeared, and 
plant height varied from 8 to 12 inches to tip of outstretched leaf, indicat- 
ing that the number of leaves is the more accurate method of designating 
stage of development. 

Vegetative abnormalities of constricted sheath and incomplete heading 
were prevalent on plants treated before floral initiation occurred; whereas, 
spike abnormalities of tweaked spike, double spike, and multiple spikelet 
group were most prevalent on plants treated during the period of floral ini- 
tiation and development. Blasted florets were most common on plants 
treated at heading time. 

The germination of twelve samples of 100 seeds from each plot treated 
in 1949, showed no impairment of seed viability. These data are further 
substantiated by those of Derscue et al. (5), who tested about 3400 sam- 
ples of 100 seeds each of grain from plants that had been treated with 2,4-D. 
The seed weight did not appear to have been adversely affected by treat- 
ment. 
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Summary and conclusions 

An early and a late variety of barley were treated with one pound acid 
equivalent of a butyl ester of 2,4-D at nine stages of growth. Plains was 
used as the early variety each year and Wisconsin-38 was used as the late 
variety in 1949, but Moore was substituted for it in 1950. The 2,4-D was 
applied at three-day intervals beginning at the four- to five-leaf stage, and 
growing points were dissected to determine the exact stage of growth 
treated. Yield, seed-weight and number of spikes were determined and 
number of seeds per spike was caleulated each year, while seed viability 
data were obtained in the first year only. 

1. There are numerous developmental stages of growth that are affected 
by the application of 2,4-D. Each stage exists for a relatively short time 
and can best be described in terms of morphological development. 

2. The most susceptible period of growth in barley occurred before the 
five-leaf stage, when the differentistion of tiller buds was inhibited by the 
application of 2,4-D. The number of tillers was reduced, the number of 
spikes decreased and yield greatly depressed. 

3. A relatively tolerant second period of growth extends from the five 
leaf to the early boot stage. The heavy application of 2,4-D inhibited floral 
initiation, decreased the number of seeds per spike and lowered the yield. 
In a dry year there were large yield reductions at the time of rapid differ- 
entiation and little or no decrease between periods. In a cool year floral 
initiation was slow and small decreases in yield were obtained over a two 
week period. 

4. A relatively susceptible third period exists between the pre-heading 
and late heading stages. Yield reductions were due to a decreased number 
of seeds, which may have been the result of an inhibition of embryo sac and 
gamete development, or an increased vegetative competition as the result 
of stunting the central culm. 


5. The most resistant period of growth in barley is a post-heading period 
when relatively heavy applications of 2,4-D did not decrease the yield. 

6. The frequency of morphological malformations was increased by the 
application of 2,4-D. Vegetative abnormalities occurred during the first 
period, while the arrangement of fiorets in the spike was affected in the sec- 
ond period, and blasted florets were caused during the third period. 


7. Seed viability was not impaired by the application of a heavy rate of 
2,4-D at nine stages of growth. 


The writer wishes to express his appreciation to Drs. W. E. Loomis and 
I. J. Johnson for their helpful suggestions during the course of this study 
and in the preparation of this manuscript, and to Mr. D. E. Kratochvil for 
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AGRONOMY DeEPARTMENT 
South Dakota State CoLLece 
Brookines, SoutH Daxkora 











PLANT PHYSIOLOGY 
LITERATURE CITED 

ABERG, Ewerr and Wirpe, G. A. Taxonomic value of characters in 
cultivated barley. U.S. D. A. Tech. Bull. 942. 1948. 

ANDERSEN, 8. and HERMANSEN, J. Effect of hormone derivatives on 
cultivated plants. IL. Spraying of cereals with 2,4-D and 4K-2M 
at different dates. Kg. Veterinaer og Landbohojskoles Arsskrift. 
Meddelse Nr. 26. 1950. 

Asana, B. D., Verma, G., and Mant, V. 8. Some observations on the 
influence of 2,4-dichlorophenoxyacetie acid (2,4-D) on the growth 
and development of two varieties of wheat. Physiol. Plant. 3: 
334-353. 1950. 

Bonnett, O. T. The development of the barley spike. Jour. Agr. Res. 
51: 451-457. 1935. 

DeRSCHEID, LYLE A., STAHLER, L. M., and Kratrocuvit, D. FE. Difer- 
ential responses of barley varieties to 2,4-dichlorophenoxyacetic 
acid. Agron. Jour. (In press). 

Foster, J. Ror. The effect of 2,4-D on barley when applied at different 
growth stages. (Abstract) Res. Report, 6th Ann. North Central 
Weed Control Conf. P. 105. 1949. 

FRIESEN, H. A. Effect of 2.4-D on spring sown barley. (Abstract) 
Res. Report, 6th Ann. North Central Weed Control Conf. P. 105. 
1949. 

FriESEN, H. A. Effect of 2,4-D on spring sown barley. (Abstract) 
tes. Report, 7th Ann. North Central Weed Control Conf. P. 73. 
1950. 

KLINGMAN, Dayton L. Effects of spraying cereals with 2,4-dichloro- 
phenoxyacetie acid. Jour. Amer. Soe. Agron. 39: 445-447. 1947. 

Leccetr, H. W. The effect of 2,4-dichlorophenoxyacetie acid sprayed 


on Olli barley at 3-day intervals. (Abstract) Res. Report, 7th 
Ann. North Central Weed Control Conf. P. 74. 1956 
Oxuson, P. J., ZALIK, SAUL, BREAKEY, W. J. and Brown, D. A. Sensi- 


tivity of wheat and barley at different stages of growth to treat- 
ment with 2,4-D. Agron. Jour. 43: 77-83. 1951. 

SHAFER, NEAL FE. Effects of 2,4-D and MCP on weed-free Nemaha 
oats. (Abstract) Res. Report, 7th Ann. North Central Weed Con- 
trol Conf. P. 78. 1950. 

STANIFORTH, D. W. Effects of 2,4-dichlorophenoxyacetie acid on maize. 
(Unpublished Ph.D. dissertation) Iowa State College Library, 
Ames, Iowa. 1949. 





THE EFFECT OF PREHARVEST FOLIAR SPRAYS OF MALEIC 
HYDRAZIDE ON SPROUT INHIBITION AND STORAGE 
QUALITY OF POTATOES ! 

D. R. Paterson, S. H. Wittwer, L C. WELLER 
snp H. M. Serr 


(WITH TWO FIGURES) 
Received July 9, 1951 


Recent experiments conducted at Michigan State College have demon- 
strated that a preharvest foliar spray of maleic hydrazide * (13) induces a 
striking inhibition of sprouting and greatly reduces storage losses in onions 
(18), carrots (19), and sugar beets (20). Similarly promising results, herein 
reported, have been obtained in storage tests with the Irish potato. 


Materials and methods 


Field tests were conducted on a productive Hillsdale sandy loam soil 
using certified seed of the Irish Cobbler and Pontiac varieties planted May 
19, 1950, in rows 36 inches apart and with seed pieces at 12-inch intervals. 

As outlined in table I, single aqueous sprays of 500, 1000, and 2500 parts 
per million (p.p.m.) of maleic hydrazide were applied to the foliage of the 
Irish Cobbler variety on July 15, August 2, August 11, or August 19. Plants 
of the Pontiac variety were treated similarly on July 15, August 2, August 
11, or September 2. Treatments were replicated on rows 15 feet in length. 
Three-gallon hand sprayers were utilized in applying the chemicals and the 
leaves were sprayed until the solution dripped from the leaves. “Dreft” was 
added at a concentration of 0.1% as a wetting agent. At the earliest spray 
application on July 15 (approximately six to seven weeks before harvest) 
tubers of both varieties ranged from one fourth to two and one half inches 
in diameter. Forty-eight hours after the latest treating dates, August 19 
for Irish Cobbler and September 2 for Pontiac, the vines of all plots were 
cut off; and the tubers were harvested four days later. 

Three controls were included to determine the relative merits of the 
various preharvest foliar sprays of maleic hydrazide (table 1): 1. Successive 
sprays of 50, 100, and 209 p.p.m. of 2,4,5-trichlorophenoxyacetic acid were 
applied on July 15, August 2, and August 11. This treatment was included 
because of favorable results reported by MarsHaLu and SmirH (10). 2. A 
post-harvest treatment with the methyl ester of alpha-naphthaleneacetic 


acid as a dust formulation, “Barsprout” (American Cyanamid Company, 
New York), was used. Approximately the equivalent of 0.9 gram of the 


1 Journal Article no. 1270 of the Michigan Agricultural Experiment Station. 

2 Formulated as the water soluble diethanolamine salt of 1,2-dihydro-3,6-pyridazine- 
dione, and supplied by the U. 8S. Rubber Company, Nangatuck Division, Naugatuck, 
Connecticut. 
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TABLE I 


THE EFFECT OF CONCENTRATION AND TIME OF APPLICATION OF PREHARVEST 
FOLIAR SPRAYS OF MALEIC HYDRAZIDE ON THE SPROUTING OF COBBLER 
AND PONTIAC POTATOES SUBSEQUENTLY HELD AT STORAGE 

TEMPERATURES OF 45 AND 55°F FOR SEVEN MONTHS, 











Spray treatments Grams of sprouts per 10 tubers 








Cobbler Pontiac 
Chemical Date Concentration —— 


45°F 55°F 45°F 55°F 











p-p.m. 
Maleic hydrazide 7/15/50 500 
1000 
2500 
8/2/50 500 
1000 
2500 
8/11/50 500 
1000 
2500 
8/19/50 500 
1000 
2500 
9/2/50 500 
1000 
2500 
2,4,5-trichlorophenoxy- 7/15/50 50 
acetic acid 8/2/50 100 
8/11/50 200 
Barsprout (post-harvest 0.0 
application) 
Control (no treatment) 47. & 96.0 
Differences necessary 
for significance: 
5% level 47. 
1% level 31. 50.5 65. 
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*9,0 grams removed from 2 tubers, 


active ingredient was applied per bushel at the time the potatoes were placed 
in storage. 3. A third control received no chemical treatment. 

Harvests were made and the yields were recorded on August 25 for the 
Irish Cobbler variety and on September 9, 1950, for the Pontiae variety. 
Immediately after harvest, duplicate 10-tuber samples were taken from the 
replicates of each treatment and placed in paper bags. With the Pontiac 
variety, individual tubers in all samples were labeled and initial weights 
recorded. One of the duplicate 10-tuber samples from each of the two 
replicates of all treatments of both varieties was then placed in a storage 
maintained at 45 + 2° F and the other at 55 = 2° F. On March 29, 1951, 
after approximately seven months, the potatoes were removed from storage, 
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photographed, weighed, and desprouted. The weight of the sprouts for each 
sample of 10 tubers was determined. 


Results 


Harvest records showed no reductions in the yield, size, or quality of 
potatoes within a given variety resulting from any of the chemical spray 
treatments. No tuber injury was evident. There was, however, a signifi- 
‘ant difference in the productivity of the two varieties with a mean acre 
yield of 268 bushels of U.S. no. 1 potatoes for Irish Cobbler compared with 
435 bushels for Pontiac. 

The weights of sprouts in grams for 10 tubers after seven months storage 
at 45 and 55° F for the various treatments applied to the two varieties are 
given in table I. The relatively greater effectiveness of preharvest foliar 
sprays of maleic hydrazide as contrasted with 2,4,5-trichlorophenoxyacetic 
acid and the post-harvest application of the methyl] ester of alpha-naphtha- 
leneacetic acid is apparent from the data. Especially striking were the dif- 
ferences in sprout growth at 55° F. Applications of 2500 p.p.m. of maleic 
hydrazide four to seven weeks before harvest resulted in nearly complete 
inhibition of sprouting at both temperatures, while control lots sprouted 
profusely. Some significant reductions in sprout growth resulted when 
maleic hydra.ide was applied 48 hours before the vines were cut off. Greater 
dormancy resulted when the sprays were applied on August 11. This appli- 
cation date was approximately two weeks prior to harvesting Irish Cobbler 
and three weeks before harvesting the Pontiac variety. Tubers from plants 
receiving 2500 p.p.m. of maleic hydrazide on either July 15 or August 2 
were clean, bright, firm, and practically free from any evidence of sprout 
growth, even after seven months storage (fig. 1). The data in table I indi- 
cate that a spray of 1000 p.p.m. of maleic hydrazide, if applied at the proper 
time, may be sufficient for the induction of dormancy. It also appears that 
1000 p.p.m. and even 500 p.p.m. of maleic hydrazide compare favorably 
with 2,4,5-trichlorophenoxyacetic acid and the post-harvest treatment of the 
methyl ester of alpha-naphthaleneacetic acid for inhibition of sprouting in 
potatoes. 

Subsequent to the seven months of storage at 45 and 55° F, samples of 
Irish Cobbler tubers harvested from plants sprayed with 2500 p.p.m. of 
maleic hydrazide on July 15, 1950, along with comparable non-treated con- 
trol lots, were analyzed for several constituents (2,14). No differences were 
found in percentages of dry matter, starch, or other acid-hydrolyzable poly- 
saccharides, total carbohydrate, or nitrogen (Kjeldahl). However, lower 
values were found for both reducing and non-reducing sugars in tubers 
stored at 45° F which had received the preharvest foliar spray of 2500 
p.p.m. of maleic hydrazide approximately six weeks before harvest. Simi- 
lar, though less striking, trends were also evident when tubers were stored 
at 55° F (table II). 
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Although initial and final weights after storage of individual tubers of 
the Pontiac variety were recorded for all treatments, there was no signifi- 
cant reduction in weight losses when tubers and the attached sprouts were 
weighed together. Similar results for post-harvest treatments using the 


methyl ester of alpha-naphthaleneacetic acid on the Irish Cobbler variety 


have been reported by GANDARILLAS and NyLuNp (8) 


Fic. 1. Comparative sprouting of potatoes harvested from plants sprayed with 
2500 p.p.m. maleic hydrazide approximately six weeks before harvest (left), non-treated 
contro's (right ) Top. Pontiac: bottom, Irish Cobbler 


Discussion 


Several chemica!s (3, 4, 16) have been suggested as effective for the 
inhibition of sprouting of potatoes during storage Appheations of sprout 
inhibitors to growing crops may have distinct advantages. The relative 
effectiveness of the chemical may be much greater on growing crops because 
of the rapid absorption, penetration, and translocation to the desired plant 
organs. which usually occurs with foliar applications to growing crops as 


contrasted with post-harvest treatments which MAN fail unless special pro- 
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TABLE Il 
THE EFFECTS OF A PREHARVEST FOLIAR SPRAY OF MALEIC HYDRAZIDE ON THE 
SUGAR CONTENT OF IRISH COBBLER POTATOES AFTER SEVEN MONTHS 
STORAGE AT 45 AND 55°F (EXPRESSED AS PER CENT. OF DRY WEIGHT). 








Reducing sugar Non-reducing sugar 





Treatment 
Replication 1 Replication 2 Replication 1 Replication 2 





45°F, 
Maleic hydrazide 1.63 
Control 3.26 
55°F. 
Maleic hydrazide 0.56 
Control 0.62 





visions facilitating penetration are provided (7,11). Formulations of alpha- 
naphthaleneacetic acid and 2,4,5-trichlorophenoxyacetic acid, when sprayed 
on growing potato plants to reduce or inhibit subsequent sprouting during 
storage have frequently resulted in tuber injuries and in a reduction of 
quality (7, 15, 21). In this connection, maleic hydrazide is unique in that 
no apparent abnormalities or loss of quality are evident even at concentra- 
tions which induce permanent dormancy. 

A number of interesting aspects are associated with the use of maleic 
hydrazide as a sprout inhibitor. There is a considerable latitude in the 
time during the growing season that the chemical can be applied with effee- 
tiveness and in the concentrations which can be used. It appears that with 
adjustments of spraying times and concentrations, almost any degree of 
induced dormancy may be possible. 

Tubers from treated lots which showed no evidence of sprouting in stor- 
age were planted into the field in the spring of 1951, but gave no evidence 
of growth activity. Similar results have been reported for onions (18). Tests 
are under way utilizing various means of breaking this induced dormancy. 

Prolonging dormancy with maleie hydrazide is also unique in that apical 
dominance is apparently destroyed in both the tuber and in the potential 
individual sprouts on the tuber. Unlike the knobby suppressed sprouts 
which may eventually develop on the apical ends of tubers following treat- 
ments with the methyl ester of alpha-naphthaleneacetie acid and 2,4,5-tri- 
chlorophenoxyacetie acid, maleic hydrazide inhibits completely the apical 
region of the potato and growth, when it occurs, is initiated at the basal end 
(fig. 2). 

Several economic problems exist in the storage of potatoes. At rela- 
tively low temperatures (32 to 45° F) a degradation of starch oceurs and 
sugars accumulate resulting in a sweetened product of poor quality for de- 


hydration, chip manufacture, and ordinary table use. Conversely, if rela- 


tively high (above 40° F) storage temperatures are utilized, losses from 
sprouting and shriveling occur along with a rapid deterioration of edible 
quality. According to ArrEGUIN-LOzANO and Bonner (1), the regulation 
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of starch degradation and sugar synthesis by temperature in potato tubers 
appears to reside in a powerful phosphorylase enzyme rather than an amy- 
lase system. At least three reactions are involved in the temperature 
effects: 1. regulation of the amount of phosphorylase enzyme inhibitor 
which is produced at high temperatures, 2. regulation of the activity of the 
glucose-fructose interconverting system which is increased at low tempera- 
tures, and 3. regulation of the activity of the sucrose synthesizing enzyme 
which is increased in amount at low temperature storage. 


Maleic hydrazide as an agent for prolonging dormancy in the storage of 


potatoes has permitted the use of temperatures up to 55° F without the 
hazard of sprouting, and analyses of treated tubers after seven months stor- 


Fic. 2. The apical (left) and basal (right) ends of Pontiac tubers showing the rela- 
tively greater inhibition of growth on the apical end induced by maleic hydrazide 


age at 45° F showed the presence of only half the quantities of reducing and 
non-reducing sugars in non-treated lots. According to DENNy and THoRN- 
Ton (5) reducing sugars which may accumulate at low temperatures, and 
not sucrose, are responsible for poor quality (dark color) in potato chips. 
In the present study, potato chips were processed from maleic hydrazide 
treated and non-treated Irish Cobbler and Pontiae tubers held for seven 
months at 45 and 55° F. The color quality of chips from treated tubers 
Was judged superior in each instance. 

While the effeets of 2,4,5-trichlorophenoxyacetic acid and the methyl 
ester of alpha-naphthaleneacetic acid on the respiratory activity of produce 
treated for sprout inhibition have not been fully clarified (6, 8), there has 
been assembled considerable evidence, aside from data herein reported, that 
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maleic hydrazide is a selective respiratory inhibitor (9, 12, 17). In the 
practical storage of produce, accumulated results (18, 19, 20) suggest a use- 
ful application of the response induced in some plants by this unique 
growth-regulator. 


Summary 


Sprays of 500, 1000, and 2500 p.p.m. of maleic hydrazide applied te the 
foliage of Irish Cobbler and Pontiac potato vines approximately one to 
seven weeks prior to harvest were effective in prolonging dormancy of 
tubers held in storage for seven months at temperatures of 45 and 55° F. 

The inhibition of sprouting resulting from single preharvest foliar sprays 
of 2500 p.p.m. of maleic hydrazide applied four to seven weeks before har- 
vest was more complete than that obtained with preharvest foliar treat- 
ments of 2,4,5-trichlorophenoxyacetie acid or with post-harvest applications 
of the methyl ester of alpha-naphthaleneacetiec acid. 

Maleie hydrazide-induced sprout inhibition treatments were accompanied 
by an absence of shriveling with little or no deterioration of quality and 
with no reduction of yield of U.S. no. 1 potatoes. Apical dominance of both 
tubers and individual sprouts on the tubers was destroyed. The percentages 
of reducing and non-reducing sugars were lower in maleic hydrazide treated 
potatoes stored at 45° F. The lower content of reducing sugar was evi- 
denced in lighter colored chips. 


The possible significance of maleic hydrazide in controlling the degra- 
dation of starch to sugar in the storage of potatoes at low temperatures as 
well as the inhibition of sprouting at high temperatures is discussed. 
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Introduction 

The compound 2,4-dichlorophenoxyacetie acid (2,4-D) and similar com- 
pounds applied locally to aerial parts of plants may cause responses in plant 
parts distant from the place of treatment. Such responses have been used 
by several investigators as a measure of the translocation of 24-D. These 
studies have produced an important body of evidence on growth-regulator 
translocation. 

It has been reported (2, 5) that when 2,4-D was absorbed by roots it 
passed upward through dead segments of stems, but when absorbed by the 
leaves it did not readily move downward through killed portions of stems 
and petioles. MircHeLt and Brown (2) found that 2,4-D was not trans- 
located from the leaves of young bean plants that had been depleted of 
carbohydrate in the dark. When such bean plants were treated on one leaf, 
at various times after exposure to light, 2,4-D was translocated to the epi- 
cotyls, where it caused curvature in amounts approximately proportional to 
the sugar content of the leaves. Leaves deprived of COs in the light were 
shown not to export 2,4-D. It has been demonstrated (4, 6) that carbo- 
hydrate-depleted bean plants can be induced to move 2,4-D from the leaves 
in the dark by applying sucrose, glucose, fructose, maltose, and galactose 
to the leaves. Weaver and DeRose (5) have shown that partial clipping 
of leaves, defoliation, and reduction of light intensity serve as inhibitors of 
downward translocation. These data support the view that 2,4-D may 
move upward in the xylem and downward in the phloem, and that phloem 
transport from the leaves is directly correlated with the transport of food 
produced by photosynthesis. 

The present paper reports several experiments in which the curvature of 
the epicotyl of seedling beans was used as a measure of the quantity and 
velocity of translocation of 2,4-D. 


Methods 


Red kidney bean seedlings were grown individually in four-ineh pots. 


The plants were used when the primary leaves were almost fully expanded 
and before appreciable development of terminal buds above the second 
nodes had begun. An aqueous solution of 500 p.p.m. 2,4-D was made by 


1 Present Address: Division of Plant Physiology, University of California, Citrus 
Experiment Station, Riverside, California. 
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adding 1.9% alcohol as cosolvent. A droplet of 10 microliters of this solu- 
tion, containing 5 yg. 2,4-D, applied to the upper surface of one leaf along 
the midrib by means of a micropipette, constituted the usual treatment. 
Epicotyl curvatures were measured with a protractor. 


Experimental results 


THE GENERAL NATURE OF THE CURVATURE REACTION 


EXPERIMENT 1.—The type of response obtained under greenhouse con- 
ditions is shown in figure 1. Each curve in this figure was plotted from the 
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Fic. 1. Curvature response of samples of bean seedlings to applications of 5 ug. 
2,4-D on one primary leaf, showing day to day variation in response. 


average curvature of a group of 6 to 15 plants. Identical treatments of 5 
pg. 2,4-D were applied between 9 a.m. and 10 A.M. on the upper surface of 
the midrib on different days to groups of plants that to all outward appear- 
ances were alike. The difference in response shown here is typical day to 
day fluctuation which may be due to minor variations in environment dur- 
ing or prior to the test. Curvature typically begins somewhat less than two 
hours after treatment and increases for three to five hours reaching a maxi- 
mum five to eight hours after application of 2,4-D. The stem then begins 
to return to vertical and may recover to a condition of more or less random 
curvature in 24 hours. 

In the cases reported here, the point of treatment was about 5 em. from 
the place on the epicotyl where the reaction occurred. The 2,4-D or some 
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stimulus resulting from it must have moved at a speed of at least 2.5 em. 
per hour if no allowance of time is made for the initiation of curvature after 
the 2,4-D had been translocated. 


EFFECT OF DOSE ON CURVATURE 
EXPERIMENT 2.—Samples of eight plants each were treated on the upper 
surface of the leaves, on the midrib, 1 em. from the base of the leaf blades, 
with 2.5, 5, 10, and 20 pg. of 2,4-D. Curvatures are plotted against time 
after treatment in figure 2. The time from treatment to the beginning of 
curvature appears to be independent of the concentration applied. The ini- 
tial rate of curvature increases with concentration. It is probable that un- 
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Fic. 2. Curvature response of kidney bean seedlings to different doses of 2,4-D. 


der any given conditions the maximum curvature attained is a measure of 
the amount of 2,4-D absorbed and translocated, and the initial slope of the 
curve is likewise an indicator of the concentration of 2,4-D applied. 


TIME FACTORS IN THE ABSORPTION AND TRANSLOCATION OF 2,4-D 


EXPERIMENT 3.—I{ large numbers of plants are treated with 2,4-D at a 
given point on their leaves and the treated leaves are removed from various 
groups of these plants at successively longer times after treatment, it should 
be possible to determine the minimum time required for 2,4-D to move 
through the leaf and enter the stem. 

One hundred and five bean plants in the primary leaf stage were selected 
for uniformity from a larger group and randomly arranged in seven groups 
of 15 plants each. One primary leaf on each plant was treated on the upper 
surface along the midrib, 3 cm. from the base of the blade. The average 
length of the petioles was 4.05 em., making the total distance of transloca- 
tion from the point of treatment to the node approximately 7 em. Plants 
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of six groups were defoliated by removing the treated leaf adjacent to the 
node one and one half, one and three fourths, two, two and one half, three, 
and three and one half hours respectively after treatment. Plants of the 
remaining group were not defoliated. Stem curvatures were measured at 
hourly intervals from two and one half to nine and one half hours. Values 
for the series are graphed in figure 3. 

It can be seen that after removal of the leaf, curvature continues unaf- 


fected for about the same time in all cases and then abruptly begins to de- 


crease. The time at which this change in slope occurred is estimated, by 
inspection of figure 3, to be about one hour; this indicates that there was a 
time lag of about one hour between interruption of the 2,4-D supply and 
the beginning of recovery. 
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Fie. 3. Curvature of six 15 plant samples of bean seedlings having the 24-D- 
treated primary leaf of the plants removed adjacent to the node one and one half to 
three and one half hours after treatment compared with curvature of nondefoliated 
plant sample. 


Maximum curvature of the control group was attained about five and 
one half hours after treatment. The fact that recovery did not begin as 
abruptly as in plants from which leaves were removed and that the negative 
slope of recovery was not so steep, indicates that the supply of 2,4-D from 
the leaf was gradually exhausted rather than abruptly terminated. Sub- 
tracting the one hour time-lag, estimated above, from the time of maximum 
curvature, it appears that translocation of 2,4-D into the stem had been 
essentially completed four and one half hours after treatment. This is in 
agreement with values of five hours (5) and four hours (3) obtained by 
more direct methods. 

In figure 4 maximum curvature is plotted as a function of the time from 
treatment to removal of the leaf. When the curve is extrapolated back to 
zero degrees, we obtain an estimate of the longest time that the treated leaf 
could have been allowed to remain on the plant and still cause curvature. 
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This value of 82 minutes probably corresponds to the time at which the 
2,4-D first emerged from the petiole and entered the stem. The control 
curve (fig. 3) shows that first curvature began 125 minutes after treatment. 
Subtraction of the time required for absorption and translocation (82 min- 
utes) gives a value of 43 minutes for the time required to initiate the curva- 
ture reaction after 2,4-D has entered the vascular system of the stem. 

It is concluded: 1. 2,4-D entered the leaf and moved the 7 em. to the 
stem in about 82 minutes; 2. bending of the stem began about 43 minutes 
later (this time factor was measured as 45 and 36 minutes, respectively, on 
two other occasions) ; 3. when the treated leaf was removed, about 60 min- 
utes elapsed before the curvature response was altered; 4. absorption of the 
2,4-D by the leaf and its translocation into the stem was completed in about 
four and one half hours. 
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Fic. 4. Maximum curvature attained by groups of bean plants plotted as a func- 
tion of the time treated leaves were allowed to remain attached (from data of fig. 3). 
The intercept on the time axis is 82 minutes. 


EXPERIMENT 4.—Treatments applied to the midrib of the leaf more dis- 
tant from the place of curvature on the epicotyl should cause curvature to 
begin later than treatments applied close to the epicotyl. The difference 
in time divided by the difference in distance of travel should give the veloc- 
ity of movement of 2,4-D through the vascular system. This principle is 
employed in the present experiment. 

Seven groups of six plants each were treated by applying 2,4-D on the 
upper surface of the midrib 5 em. from the base of the blade of one leaf, and 
the opposite leaf was treated 1 em. from its base. The difference in dis- 
tance to be moved was thus 4em. Curvature due to the more distant treat- 
ment was called tip, and curvature due to treatment at the base of the leaf 
was called base. If both treatments were applied at the same time, one 
would expect base curvature to occur first because of the shorter distance 
of translocation. If time were allowed to elapse between treatment of the 
tip and treatment of the base of successive groups of plants, we should ex- 
pect to approach a time when 2,4-D arrives simultaneously from the two 
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different sources, resulting in zero or random curvature values. For this 
reason, treatment at the base of the leaf was applied to the plants of seven 
groups 0, 5, 10, 15, 20, 25, and 30 minutes, respectively, after application of 
the tip treatment to the opposite leaf. 

Curvatures were measured two hours after treatment of the tip. This 
initial curvature was in the plane of the two petioles; subsequent curvature 
was frequently in other directions and accordingly difficult to interpret. Re- 
sults are given in figure 5. The curve shown in this figure is the parabola of 
best fit as determined by the least-squares method. The point of zero cur- 
vature, which is 5.28 + 1.68 minutes, indicates a 4-em. movement of 2,4-D 
in that period, corresponding to an average velocity of 45.4 em. per hour. 

EXPERIMENT 5.—It was demonstrated in experiment 3 that the total time 
for the absorption of 2,4-D and its translocation from the leaves could be 
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Fic. 5. Curvatures resulting from 24-D treatment of opposite leaves at different 
distances from the node. The intercept on the horizontal axis of the best-fitting para- 


bola is 5.28 minutes, the estimated time required for movement of 2,4-D over the path 
difference between the two leaves of 4 cm. 


measured by removing the leaves at various times after treatment. This 
principle was utilized to measure the velocity of movement of the initial 
increment of 2,4-D in the phloem by applying the dose on the leaf at two 
different distances from the stem and measuring the increased time required 
for the 2,4-D to arrive at the stem from the greater distance. 

Each plant of six groups of 15 was treated on the upper surface of one 
primary leaf on the midrib 1 cm. from the base of the blade, and the plants 
of six additional groups were similarly treated 5 em. from the base of the 
blade. The distances to be translocated were respectively 5 and 9 em. from 
the node. The treated leaves were removed from one group of each series 
one and one half, one and three fourths, two, two and one half, three, and 
three and one half hours after treatment. 

The maximum curvature was plotted against the time the treated leaf 
was removed (fig. 6), and a line was fitted to each series by the method of 
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least-squares. When extrapolated back to zero curvature, values of 61.5 + 
3.9 minutes and 79.4 + 7.6 minutes were obtained, respectively, for the 
treatments 5 em. and 9 em. from the node. These figures represent time 
elapsed from treatment of the leaves to entry of the 2,4-D into the epicotyl. 
Translocation over a path 4 cm. longer required 17.9 + 8.5 minutes indicat- 
ing a velocity of 13.5 em. per hour. Two other determinations made by a 
variation of this technique yielded velocity estimates of 49 and 106 cm. per 
hour. 
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LEAF 
Fic. 6. Time required for 24-D to move to the stem from a position on the mid- 
rib 1 em. from the base of the leaf blade is compared with time required for transloca- 
tion from a point 5 cm. from the base of the blade. The difference in intercepts on the 
time axis is an estimate of the time required for 24-D to move the path difference of 
4 cm. 


ABSORPTION OF 2,4-1) THROUGH THE CUTICLE AND TRANSLOCATION INTO 
THE PHLOEM 


I-XPERIMENT 6.—The time required for movement of 2,4-D from a drop- 
let on the surface of a leaf into the phloem of the leaf veins was estimated 
on leaves of seven groups of eight bean seedlings each. Applications of 
2,4-D were made to one primary leaf, on the upper surface along the midrib, 
about midway between the base and tip of the lamina and at a total dis- 


tance of 6 cm. from the node. The treated areas of the leaves in one group 
were punched out with a corkborer 1 em. in diameter one hour after appli- 


cation of the solution; leaves of other groups were punched at quarter-hour 
intervals up to two hours, and at two and one half and three hours after 
treatment. To determine whether punching the leaf prevented further 
translocation of 2,4-D that had already moved outside the punched area, 
treatment was applied 5 mm. below freshly punched 1-cm. holes in leaves 
of six plants. A similarly treated group of plants having leaves that had 
not been punched served as a control. The response of punched leaves did 
not differ significantly from the response of the control. 
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Some bending resulted in all groups of plants in which the treated por- 
tion of the leaf was left in place for more than an hour. The maximum 
curvatures attained are plotted in figure 7 as a function of the time of re- 
moval of the leaf punches. The zero curvature point of 63 minutes is based 
upon the intercept of a line calculated on the basis of all points except the 
one hour figure which resulted in no curvature. This should represent the 
time required for absorption and movement, across the boundary of the area 


to be punched, of the least amount of 2,4-D that would cause curvature. 
The time required for translocation of 2,4-D through the 5 mm. of phloem 
to the edge of the area punched would, on the basis of the rates reported 
above, be on the order of one to three minutes. The remaining hour must 
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Fic. 7. The points shown are average maximum curvatures of groups of plants 
having the 2,4-D-treated areas of primary leaves punched out at inc 
time. 


easing intervals of 


have been occupied in movement of the growth substance through the cuti- 
cle, epidermis, and mesophyll into the phloem. Similar experiments pro- 
duced values of 60, 58, and 46 minutes for the transport of 2,4-D from the 
exterior of leaves into the phloem. 


Discussion 

Presumably in the movement of 2,4-D from the leaf surface to the tis- 
sues of the epicotyl, penetration of the cuticle is followed by movement 
through the epidermis and mesophyll into the phloem, which serves as a 
path for transport from the leaf into the stem. It is probable that the 
stomata are not concerned in the entry of 2,4-D from water solutions (5). 
The recovery from bending could be due to movement of 2,4-D out of the 
affected section of the stem, the gradual equalization of its concentration 
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on all sides of the epicoty! eliminating any differential effect of growth 
stimulation, or the breakdown or detoxification of the 2,4-D. In any case, 
recovery should be attributed to the normal mechanism of geotropism. 

The entire process of translocation from leaf surface to epicotyl is ac- 
complished in about 40 minutes less time than is necessary for the appear- 
ance of the first response in the epicotyl. This total time for translocation, 
amounting to about 70 to 80 minutes, is independent of the dose of 2,4-D 
applied to the leaf, and is correspondingly independent of the 2,4-D concen- 
tration gradient. Increased dose is expressed in greater amplitude of curva- 
ture. Higher rates of application apparently result in the absorption and 
movement of greater quantities of 2,4-D without increasing the velocity of 
translocation. 


The leaf tissue underlying a droplet of 2,4-D solution contains numerous 
veinlets. According to Dourr (1) the shortest path to the phloem from the 
upper epidermis of the bean leaf involves at least one palisade parenchyma 
cell and one or more cells of the bundle sheath. The minimum distance 
from the upper surface of the leaf to the phloem is about 25 to 30 ». The 
distance that the 2,4-D must travel varies in practice, as not every part of 


the applied dose is directly over a vascular bundle. Rate experiments 
are interpreted as determining response from the first increment of 2,4-D 
moved into the phloem, this presumably representing movement over the 
shortest path. From the values of 63, 60, 58, and 46 minutes for movement 
from the droplet into the phloem, velocities of 25 to 35 » per hour for trans- 
location in nonvascular tissue may be assumed. 

In the seedling bean, the leaf traces to the first true leaves merge in the 
pulvinus at the enlarged base of the petiole, and materials leaving the leaf 
pass through a common vascular bundle at that point (1). There are direct 
vascular connections at the second node from the common vascular bundle 
of the pulvinus to the opposite side of the epicotyl. Although no studies of 
translocation through individual vascular bundles were made, the consistent 
direction of curvature away from the treated side makes it apparent that 
transport was predominantly along direct rather than circuitous routes. 

The velocity measurements of 13, 45, 106, and 49 em. per hour indicate 
that rates of 50 or more centimeters per hour might be considered typical 
under the conditions studied. Speed of transport in the phloem is thus on 
the order of 5,000 to 25,000 times faster than movement in the mesophyll. 


Summary 

The curvature reaction of kidney bean seedlings was used as a measure 
of the translocation of 2,4-D from the leaves. When a small quantity of 
2,4-D was applied to one leaf of a bean seedling under greenhouse condi- 
tions, curvature began in approximately two hours, and reached a maximum 
in about six hours, at which time recovery began. The time from applica- 
tion of 2,4-D to the beginning of curvature was independent of the amount 
of 2,4-D applied. The maximum curvature attained was a measure of the 
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amount of 2,4-D absorbed and translocated, and the rate of bending, once it 
began, was likewise determined by the dose. 

It was found that the 2,4-D moved through the cuticle, epidermis, and 
mesophyll to the phloem with a velocity of approximately 30 » per hour. 
Once inside the phloem it was translocated the several centimeters to the 
epicotyl at a velocity varying through a range of 10 to 100 em. per hour. 
After the 2,4-D reached the epicotyl, about 40 minutes elapsed before cur- 
vature began, and when the supply of 2,4-D to the epicotyl was interrupted, 
an hour elapsed before recovery began. Under the conditions of these tests, 
the maximum amount of 2,4-D was absorbed by leaves in the first four and 
one half hours after treatment. 


The writer is indebted to Dr. Alden S. Crafts for aid and counsel, to Dr. 
Herbert B. Currier for advice, and to Harold R. Drever for help with the 
experiments. 
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Introduction 

Selective herbicides have been used in weed eradication programs for 
many years, but chemical weed control has attracted considerably more at- 
tention since the recent introduction of 2,4-dichlorophenoxyacetie acid 
(2,4-D). The high degree of selectivity shown by this chemical, particularly 
in low concentrations, enables it to fit well into various types of weed con- 
trol programs. Comparatively small dosages control numerous broad-leaved 
weeds and have little or no effect upon most grass and cereal crop plants 
(1, 6, 7). 

Much effort has been directed toward studies of the effects of method and 
time of application of 2,4-D, and the physiological, morphological, and 
histological responses of treated plants. KiincMAn (4) found much steril- 
ity and considerable morphological abnormality in wheat spikelets on plants 
treated at or before the jointing stage. Derrscuetp (3) found that sharp 
yield reductions in barley were caused by treatments either at or before the 
five leaf stage or between the preheading and heading stages, but that a 
relatively tolerant period extended from the five leaf stage to the early boot 
stage. 

Corn is one of the crop plants to which 2,4-D has been applied exten- 
sively. The tolerance of this plant varies with varieties, with season and 
probably with weather conditions (8, 10). Yields are reduced by spraying 
just before tasseling, and sometimes by earlier sprays. The development of 
stalk brittleness when the plant is sprayed at the 5 to 10 leaf stage may re- 
sult in serious stalk breakage if the field is cultivated or if high winds occur 
shortly after treatment. 

The primary purpose of this study was to determine the influence of 
2,4-D on stalk brittleness in corn. Differential effects were studied with two 
concentrations of 2,4-D applied to four strains of corn at eight growth 
stages. The influence of fertilization on treated plants was observed. The 
second purpose was to determine the relationship of 2,4-D treatments to 
seed viability and seedling vigor. A third purpose was to correlate yield 
with the development of brittleness and with stage of growth at time of 
treatment. 


Material and methods 


Responses of two inbred lines, WF9 and W22, and two single-crosses, 
WF9x0s420 and W22xM14, of corn to post-emergence applications of tri- 


1 Journal paper no. J-1976 of the Iowa Agricultural Experiment Station, Project 944. 
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ethylamine salt of 2,4-D were studied under field conditions at Ames, Iowa, 
in 1950. The findings of RossMan and STanirortH (8) that W22 and M14 
were susceptible and WF9 and Os420 relatively tolerant to 2,4-D were used 
as a basis for selecting these particular strains 

A split-split plot design with four replicates was used, with main plots 
concentrations of 2,4-D, sub-plots dates of application, and sub-sub-plots 
strains of corn. Plots consisted of two rows 40 inches apart and 35 feet long. 
Appropriate border rows were included, each of which received the same 
2,4-D treatment as its adjoining plot. Two seeds were planted per hill 12 
inches apart in the row on May 31 and June 1. Each hill was later thinned 
to one plant. 

Applications of 2,4-D were made at the commonly recommended rate of 
one half pound acid equivalent per acre, and at a heavy rate of one pound 
acid equivalent per acre plus 0.25% “ Tide” as a wetting agent (12). Ap- 
plications were made from about one foot above plant tops with a special 
plot sprayer (11), using 50 gallons of water per acre. 

Treatments with 2,4-D were made on June 15, 21, 27, July 3, 10, 17, 24, 
and 31. The average number of leaves expanded on each treatment date 
was observed and recorded. To characterize stage of growth at time of 
treatment more completely, four plants from each treated plot on the first 
five treatment dates, or two from each on the last three dates, were dissected 
and the green weight in grams per plant part recorded. 

At 2, 5, 11, and 18 days after each treatment, breakage tests were made 
on two consecutive stalks per plot by looping one end of a strong cord 
around the stalk and reading on a spring scale the force in pounds required 
to break the stalk. Attachment of the cord to the stalk was uniform for 


each date and varied from about two inches above the ground for plants 


treated at the earlier growth stages to approximately one foot at the later 
dates. Simuar breakage tests were made at harvest time on W22 and 
W22xM14 plants treated at the one pound level. Shank breakage tests also 
were made on these plants by looping one end of the cord around the shank 
at the base of the ear and pulling the scale with the stalk held rigidly in 
place. 

Samples for histological examination were collected on stalk breakage 
test dates from four plants per treated plot and a like number from appro- 
priate check plots. One basal node per plant from near the ground level 
was trimmed and preserved in FAA (9). Samples from W22 plots treated 
July 3 at the one pound level were processed and made into slides. Stalk 
sections were processed by the butyl aleohol method and stained with hema- 
lum, using safranin as a specific counterstain 

Abnormal morphological developments were observed and recorded 
throughout the test. At harvest time, all plots were observed for stalks 
broken below the ear, lodged stalks, and dropped ears. 

Ten adjacent plants in each field plot were chosen for yield records. All 
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ears produced by these plants were harvested on October 21, dried to uni- 
form moisture content, shelled and weighed. 

From four to six plants per plot were self-pollinated in appropriate bor- 
der rows on sufficient plots to be equivalent to two replicates of each treat- 
ment. Seed produced by these plants was harvested, bulked for each plot, 
and dried. This seed was planted in two split-plot experiments, one for 
each concentration of 2,4-D, using six replicates, three from each field plot, 
in sterilized sand under artificial light. In these experiments, the main plots 
were strains and the subplots treatment dates. Sub-plots were 18 inches 
long and two inches apart, in each of which 40 seeds were planted. Ten 
days later, the number of seedlings per plot and mean weight in centigrams 
per seedling were determined. 

A second and smaller field experiment was carried out with W22xM14 
to study the response of unfertilized and fertilized plants to one half pound 
acid equivalent per acre of 2,4-D plus 0.25% “ Tide.” A split-plot design 
with four replicates was used, the main plots consisting of fertilizer treat- 
ments and sub-plots of treatment dates. Plots of two rows, 50 feet long and 
40 inches between the rows, were planted on May 23 with two seeds per 
hill 12 inches apart in the row, each hill being thinned later to one plant. 
The fertilizer consisted of 200 pounds of ammonium nitrate (33.5% N) per 
acre and was distributed evenly over the soil surface, followed immediately 
by field cultivation. One half of the fertilizer was applied June 14 and the 
other half June 30. 

Plants were dissected, stalk breakage tests made and node samples taken 
as in the larger experiment, but no slides were made. Stalk and shank 
breakage tests at harvest time were made as previously described. Ears 
from ten adjacent plants per plot were harvested October 21, dried to uni- 
form moisture content and the weight in pounds of shelled grain per plot 
was recorded. 

Numerical data throughout this investigation were analyzed statistically 
by analysis of variance methods, and individual treatment data were com- 
pared orthogonally. Because of difficulty in arranging growing season stalk 
breakage data for analysis, only representative sections were completely 
analyzed. These showed in general that reductions of 40% in breaking 
strength were significant and reductions of 50% highly significant. 


Experimental results 


PLANT DEVELOPMENT 


Plant development during the treatment period was followed by dissect- 
ing 32 normal plants (or 16 after July 10) on each treatment date and 
weighing the separate parts. The average weight in grams per organ and 
the number of expanded leaves per plant on treatment dates are shown in 
table I. Only the total weight of all leaves is shown, but as the growing sea- 
son progressed, each leaf reached a maximum weight and either decreased 
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TABLE I 


GREEN WEIGHT IN GRAMS OF FOUR STRAINS OF CORN AT SUCCESSIVE 
TREATMENT DATES. AVERAGES OF 32 PLANTS, OR 16 PLANTS 
AFTER JULY 10, 





Treatment dates 
Plant part 





7/3 «7/10 «=7/17_—7/24 





Whole plant 35.2 96.6 241.0 336.2 
Stem 0 2.2 16.0 70.3 125.8 
Tassel " Floral Floral 0.8 8.0 


Leaves 31.55 79.7 159.5 199.5 
No. of leaves 


expanded 8 10 16 


Whole plant 

Stem 

Tassel 

Leaves 

No. of leaves 
expanded 


Whole plant 
Stem 
Tassel 
Leaves 
No. of leaves 
expanded 7 9 12 17 19 


Whole plant ° 21.1 57.8 170.9 634.7 965.3 
Stem 1.1 4.0 32.1 279.5 467.3 
Tassel / leg. Floral Floral Floral 20.2 40.3 
Leaves 19,9 50.8 132.7 327.8 389.5 
No. of leaves 

expanded 7 9 11 17 19 





in weight and dropped from the plant, as did many of the older leaves, or 
maintained its approximate maximum weight throughout the remainder of 
the season. Plants of the W22xM14 line in fertilized plots grew more rap- 
idly and produced from 20 to 25% more vegetative growth than plants in 
unfertilized plots. 

WF plants tended to be somewhat more vigorous and grew more rapidly 
than W22 plants during the early part of the season, but W22 plants grew 
more rapidly later. Also WF9xOs420 plants slightly outgrew W22xM14 
plants during the earlier treatment periods, but later, W22xM14 plants de- 
veloped faster. The greatest difference, however, was between inbreds and 
hybrids. Tassel differentiation occurred approximately one week earlier 
in the hybrids, and these plants were considerably more advanced in growth 
than the inbreds at the later treatment dates. 


BREAKAGE TESTS 
BREAKAGE DURING THE GROWING SEASON.—The relative force required to 


break treated plants of W22 and W22xM14 during the growing season is 
shown in table II. The actual force required to break check plants was 
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TABLE II 


FORCE IN PERCENTAGE OF CHECK REQUIRED TO BREAK STALKS OF W22 
AND W22XM14 CORN PLANTS AFTER TREATMENT WITH TWO RATES 
OF APPLICATION OF 2, 4-D. 





99x! 
Date of Days after W22 W22xM14 


treatment treatment 





% |b. % |b. 1 lb.* 





June 15 89.9 54.1 62.1 
(3 leaves) 142.6 100.6 186.7 
120.1 90.5 99.4 

110.8 108.3 93.9 


June 21 186.4 148.1 83.5 
(4 leaves) 81.1 108.4 91.8 
124.2 66.0 72 

79.6 79.1 55.8 


June 27 82.8 105.4 46.9 
(6 leaves) 94.5 82.8 30.7 
61.1 59.8 49.5 

66.6 111.6 99.9 


July 3 94.1 92.1 60.4 
(8 leaves) 83.4 74.3 39.2 
39.3 85.2 58.3 

56.6 102.5 69.7 


July 10 89.3 163.0 94.3 
(10 leaves) 67.5 132.8 107.6 
79.3 97.1 94.9 

56.2 136.6 7701 


July 17 114.3 100.0 100.0 
(13 leaves) 35.8 91.1 97.5 
93.5 106.5 78.1 

130.6 111.2 113.6 


July 24 155.8 120.0 80.3 
(16 leaves) 48.5 116.4 97.6 
122.8 111.4 115.4 

145.1 105.2 104.7 


July 31 63.7 115.2 102.6 
(18 leaves) ¢ 96.8 89.3 108.6 
77.1 92.0 96.5 

111.8 97.8 103.7 


Average aha 93.8 101.7 85.9 
*Plus ‘‘Tide.’’ 





about 1.5 pounds for W22 and 3.0 for W22xM14 at the earliest treatment 
date, increasing rapidly to approximately 75.0 pounds for W22 at the 10 
leaf stage and to about 110.0 pounds for W22xM14 at the 13 leaf stage. 
After these maxima were reached, the required forces remained near these 
levels. 

The greatest brittleness followed treatment with the one pound rate of 
2,4-D at the six and eight leaf stages and also at the 10 leaf stage in W22. 
Reductions below 50% were generally significant. Brittleness following 
treatment with the one half pound rate was somewhat erratic and was se- 
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vere only in W22. Averages of all treatments indicate that most severe 
brittleness occurred 5 to 11 days after treatment at the six and eight leaf 
stages. Smaller, but noticeable, reductions occurred in plants treated at the 
4, 10, and 13 leaf stages of growth. Averages of all dates indicate that W22 
is more susceptible than W22xM14 and that greater brittleness in both 
strains followed treatment with the heavier rate of 2,4-D. 

Application of 2,4-D to WF9 and WF9x0Os420 plants caused no marked 
reductions in resistance to stalk breakage at any time. WF9 plants treated 
with the one pound level when 4, 10, and 13 leaves were expanded, broke at 
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Fic. 1. Force required at harvest time to break stalks and shanks of W22 and 
W22xM14 corn plants treated with 2,4-D plus “ Tide.” 


a slightly lower percentage of the check than did those treated at the one 
half pound level. A slight reduction in breaking force was apparent in 
WF9x0s420 plants treated with the one pound level when seven and nine 
leaves were expanded. Forces required to break untreated WF9 and WF9x- 
Os420 plants were somewhat greater than for the respective inbred W22 and 
single-cross W22xM14 plants. 

BREAKAGE AT HARVEST TIME.—Results of stalk and shank breakage tests 
at harvest time with W22 and W22xM14 plants treated during the growing 
season with one pound per acre of 2,4-D are shown in figure 1. Stalks of 
W22 plants treated at all stages, except the 4 and 18 leaf, were considerably 
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more brittle at harvest than untreated plants. The greatest reduction in 
resistance to stalk breakage occurred in plants treated at the eight leaf, fol- 
lowed by those at the six leaf stage. During these two growth stages, basal 
internodes were elongating rapidly. In W22xM14 plants, the greatest re- 
ductions also followed treatments at these two stages, but were smaller 
than in W22. Slight but noticeable reductions were obtained in W22xM14 
from treatment at other stages except the last, when 18 leaves were expanded 
(early tassel). No reduction in either strain was obtained following treat- 
ment at the last growth stage, when internodes in the lower part of the stalks 
are assumed to have completed development. 

Significant reductions in resistance to shank breakage at harvest time 
were obtained in W22xM14 plants treated at the 18 leaf stage. Smaller re- 
ductions were found after treatment at the 16 leaf stage. Shanks elongated 
rapidly during these stages, and reductions did not occur following treatment 
at any other time. Shank breakage responses were somewhat erratic in 
W22 plants. The lack of significant reductions following treatment at the 
last growth stage is very probably associated with the slower rate of growth 
in W22 plants, with the result that treatments were completed before rapid 
shank elongation began. 

EFFECTS OF NITROGEN FERTILIZATION ON STALK BREAKAGE.—Stalk brittle- 
ness following 2,4-D treatment is popularly associated with rate of growth 
of the plants. To determine the relative importance of rate of growth and 


TABLE Ill 


FORCE REQUIRED TO BREAK STALKS OF UNFERTILIZED AND FERTILIZED 
W22XM14 CORN PLANTS AFTER TREATMENT WITH 2, 4-D PLUS “‘TIDE.”” 





Unfertilized Fertilized 





Ave. 


Date of Days after Check, Treated, Check, Treated, 
treatment treatment lbs. k lbs. ck 





% % 
June 21 
(6 leaves) 


July 4 
(10 leaves) 


July 17 
(15 leaves) 


July 31 
(19 leaves) 


Average 
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stage of growth, breakage tests were made on plants grown on a fertile loam 
soil with and without a split application of NH,NOs totaling 67 pounds of 
N per acre. Breakage data are shown in table IIT. 

Fertilization had no effect on the breaking strength of untreated plants, 
even though the fertilized plants were some 25% larger, indicating faster 
growth. The average breaking strength of treated, fertilized plants was 
74.5% of the control, and of treated, unfertilized plants 82.5%. This differ- 
ence was not statistically significant. In contrast, an analysis of variance 
showed a highly significant effect of stage of plants when treated, with the 


STALKS SHANKS 
es eee emeees UNFERTILIZED PLANTS 
OOO ee FERTILIZED PLANTS 
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| 








10 15 19 
LEAVES EXPANDED AT TIME OF TREATMENT 
Fig. 2. Force required at harvest time to break stalks and shanks of W22xM14 
corn plants treated with 2,4-D plus “ Tide.” 


most striking reductions occurring in plants treated at the six leaf stage. 
The six leaf stage is the period of rapid growth of the basal internodes. 
Growth rates for entire plants are generally greater at the 15 leaf stage, but 
growth is then in the upper internodes which were not tested directly, but 
which do not show breakage in the field. It may be concluded that growth 
rate has some effect on stalk brittleness but growth stage is more important. 

Results of stalk and shank breakage tests at harvest time with unferti- 
lized and fertilized W22xM14 plants treated with 2,4-D are shown in figure 
2. No statistically significant differences due to fertilizer were noted in the 
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force required to break either stalks or shanks. However, a smaller average 
force for all treatments was required to break stalks and shanks of fertilized 
plants. Reductions in the force required to break shanks at harvest time 
were noted in both unfertilized and fertilized plants treated at tassel emer- 
gence. Although these reductions were slightly greater in fertilized plants, 
neither was significantly lower than the check. Shank brittleness did not 
occur in plants treated at any stage other than tassel emergence. 
DIRECTIONAL STALK BREAKAGE.—Results of stalk breakage tests made on 
U.S. 13 corn plants in four morphological directions are presented in table 
IV. No differences were found in the force required to break treated plants 
in either of the four directions. Stalks of untreated plants did not break, 


TABLE IV 


AVERAGE FORCE IN POUNDS REQUIRED IN FOUR MORPHOLOGICAL DIRECTIONS 
TO BREAK STALKS OF U. S. 13 CORN PLANTS TREATED WITH 2,4-D AT 
TWO POUNDS PER ACRE PLUS 0,25% “‘TIDE.” 








Morphological : 
i Check Treated 








*l. To right from, 2. toward, 3, to left from, and 4, in opposite direction from bud 
at sixth node. 

but were uprooted instead. The plants treated at the very heavy rate of two 
pounds an acre broke with a force generally less than 10% of that required 
for the checks. Such results with a relatively resistant hybrid indicate the 
possibilities of damaging corn with 2,4-D. 


SEED VIABILITY AND SEEDLING VIGOR 


The results of viability tests in seed from self-pollinated plants treated 
with 2,4-D are shown in table V. Reductions in viability were noted from 
2,4-D applied at the one half pound level only in seed from W22 plants 
treated at the 18 leaf stage. Application of 2,4-D at the one pound rate to 
W22 plants at all stages, particularly at the 18 and 16 leaf stages, resulted 
in reduced viability. Viability of W22xM14 seed was reduced only by 
treatment at the 18 leaf stage (tassel emerging). No reduction in viability 
occurred in WF9 or WF9xO0s420. 

Results of tests of vigor of seedlings from seed produced by self-polli- 
nated plants treated with 2,4-D are presented in table VI. Treatment at the 
one half pound rate resulted in reduced vigor only in W22 plants treated 
when 18 leaves were expanded. The one pound level of 2,4-D resulted in a 
reduction of vigor in WF9, WF9xO0s420 and W22xM14 seedlings, but only 
slight reductions in W22. Vigor in WF9 seedlings was reduced by treatment 
at practically all stages. Seedling vigor responses are thus shown to be 
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TABLE V 


AVERAGE NUMBER OF SEEDLINGS PRODUCED BY 40 SEEDS FROM SELF- 
POLLINATED CORN PLANTS TREATED WITH 2, 4-D. 





Date of Strain 


treatment WF9x0s420 W22xM14 














One half pound 


June 21 (4 leaves) 33 39 
June 27 (6 leaves) 39 35 38 
July 3 (8 leaves) 39 32 39 
July 10 (11 leaves) 40 34 39 
July 17 (13 leaves) 38 33 38 
July 24 (16 leaves) 39 36 39 
July 31 (18 leaves) 40 27** 39 


Average of treatments 39 33 39 
Checks 39 32 


One pound plus ‘‘Tide’’ 


June 21 (4 leaves) 36 
June 27 (6 leaves) 30* 
July 3 (8 leaves) 33 
July 10 (11 leaves) 34 
July 17 (13 leaves) : 35 
July 24 (16 leaves) 29° 
July 31 (18 leaves) 28** 


Average of treatments 32°* 


Checks 7 





*Reduction significant at 5% level. 

**Reduction significant at 1% level. 
sharply contrasted to losses of viability, which were limited to W22 and 
W22xM14. Similar results were considered by RossMAN and STANIFORTH 
(8) to indicate reactions within susceptible plants which result in the de- 
struction of the 2,4-D molecule. These reactions are assumed to be asso- 
ciated with formative effects on the vegetative or embryonic plants, but no 
2,4-D is left to slow the growth of surviving embryos. In resistant plants, 
in contrast, the 2,4-D molecule may be translocated and stored in the seed 
where it reduces seedling vigor but is not sufficiently concentrated to affect 
viability. 


YIELD RESPONSES 


The yield of shelled corn produced by plants treated with 2,4-D is shown 
in table VII. The one half pound per acre rate produced significantly lower 
yields only in WF9x0s420 and W22xM14 plants treated at the four and six 
leaf stages. Slight reductions were noted in W22 and W22xM14 treated at 
the 18 leaf stage. Yield reductions were obtained in all strains from treat- 
ment at the one pound rate. Slight reductions occurred in WF9 treated at 
all stages, but greatest effects were obtained at the eight leaf stage. Drastic 
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TABLE VI 


AVERAGE WEIGHT IN CENTIGRAMS PER SEEDLING PRODUCED BY SEED FROM 
SELF-POLLIN ATED CORN PLANTS TREATED WITH 2, 4D. 





Date of 
treatment WFO 





W22 WF9x0s420 W22xM14 





One half pound 


' June 21 (4 leaves) 35 
June 27 (6 leaves) 38 
July 3 (8 leaves) 33 
July 10 (11 leaves) 37 
July 17 (13 leaves) 36 
July 24 (16 leaves) 42 
July 31 (18 leaves) 39 


Average of treatments 37 
Checks 33 


One pound plus ‘‘Tide’’ 


June 21 (4 leaves) 43** 37 
June 27 (6 leaves) 52 36 
July 3 (8 leaves) 44* 34* 
July 10 (11 leaves) 47 39 
July 17 (13 leaves) 43** 40 
July 24 (16 leaves) 44* 36 
July 31 (18 leaves) 46 37 


Average of treatments 46** 37 
Checks 51 38 





*Reduction significant at 5% level. 
**Reduction significant at 1% level. 


reductions in W22 resulted from treatment at the 18 leaf stage, while less 
severe effects followed treatment at all other stages. In WF9xOs420, yield 
was reduced by treatment at the six and eight leaf stages. A severe reduc- 
tion resulted from treatment of W22xM14 at the 18 leaf stage, while a 
smaller one occurred after the 16 leaf stage treatment. The two groups of 
varieties are thus shown to differ in yield responses. Yields of the resistant. 
WF9 and WF9x0s420 were significantly reduced by early treatments with 
no significant reactions to late treatments, while the susceptible varieties 
were affected mainly by the late treatments. 

The results of SranirortH (10) with corn and Derscueip (3) with bar- 
ley suggest that the early responses were caused by interference with ear- 
shoot development in its embryonic stages, while later yield reductions were 
due to reactions within the embryo sac which lead to failures in grain de- 
velopment. The extent and type of interference with grain development 
are illustrated in figure 3. Plants treated with the one pound level of 2,4-D 
at the pre-tassel (18 leaf) stage produced ears with undeveloped grains at 
the base. Similar but less severely affected ears were produced following 
treatment at this higher rate when 16 leaves were expanded, and with the 
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TABLE VI 


YIELD OF SHELLED CORN IN POUNDS (TOTAL OF FOUR PLOTS) FROM 
PLANTS TREATED WITH 2, 4D. 


W22xM14 


WFOx0=420 


% |b. % |b. 1 Ib. t % Ib. 1 Ib.t 





treatment 





June 15 7.70 20.15 20.50 16.95 16.20 
(3 leaves) 


June 21 9.00 : 15.45** 17.70 15.40* 16.30 
(4 leaves) 


er i ) : . 17.85* 16.10** 14.90* 15.75 
eaves 


July 3 6.05* 19,15 16.80* 17.90 16.05 
(8 leaves) 


~ A , 7.10* 20.75 20.45 20.00 18.70 
eaves 


= ¥! , 6.95* 23.50 21.75 18.65 17.45 
3 leaves 


July 24 9.85 : 5.30** 20.10 18.00 18.45 15.55 
(16 leaves) 


July 31 11.25 : 2.30** 20.50 17.90 16.60 8.65** 
(18 leaves) 


Average of 
treatments 10.32 8.54* 8.64 6.49** 19.68 6 17.36 15.58* 


Checks 10.90 10.25 9.70 10.05 22.30 20.2 18.30 18.00 





tPlus ‘‘Tide.”’ 
*Reduction significant at 5% level. 
** Reduction significant at 1% level. 


one half pound rate at the pre-tassel stage. The only visible influence of 
2,4-D on WF9xO0s420 ears was more sparsely located grains at the base of 
ears produced by plants treated with the one pound rate at tassel emergence. 
The same treatment produced ears in W22xM14 with complete absence of 
grains at the base. No differences were noted in size or shape of WF9 ears 
from treated plants. 

The yield of unfertilized and fertilized W22xM14 plants treated with one 
half pound per acre of 2,4-D plus * Tide” is shown in table VIII. Severe 
yield reductions followed treatment at the tassel-emerging (19 leaf) stage, 
and a slight reduction at the 15 leaf stage. These yield reductions were 
equally severe in unfertilized and fertilized plants. Plants treated at the 
tassel-emerging stage produced ears with few to no grains on the lower half, 
particularly those without fertilizer. Treatment at other growth stages had 
no visible influence on the size or shape of ears. 


MoRPHOLOGICAL RESPONSES 


Considerable stalk bending resulted from applications of 2,4-D to W22 
and W22xM14 plants in the 6 to 11 leaf stages. Most severe bending was 
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observed in nodes near the ground within two to five days after treatment 
with the one pound rate. Most plants had again become erect after about 
two weeks, but retained a characteristic curve in the lower part of the stalk. 
Much less bending resulted from treatments before and after this period, 
and from all treatments at the one half pound rate. Bending following 
later treatments was typically in the region of the first node above the high- 
est ear shoot, as illustrated in figure 4; this also was of a temporary nature 
and was gone within about two weeks after treatment. 


Fic. 3. Typical ears produced by W22 corn plants treated with 24-D when (left to 
right) 2, 4, 6, 8, 10, 13, and 16 leaves were expanded, pre-tassel emergence, and un- 
treated check. Above—One half pound; Below—one pound plus “rae. 


Ledf rolling was common in W22 and W22xM14 plants treated with 2,4-D 
at the 6 to 11 leaf stages. This rolling was limited to leaves developed after 
treatment and was noticeable as long as 45 to 50 days after treatment, par- 


ticularly in W22. More severe rolling resulted from the heavier concentra- 
tion of 2,4-D, but little or none was noted in earlier and later applications. 

Abnormal brace roots were numerous, especially in W22 and W22xM14 
plants treated at the one pound level during the 6 to 11 leaf stages. Many 
fasciated roots were developed at the lower nodes, some of which formed a 
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TABLE VIII 


YIELD OF SHELLED CORN IN POUNDS (TOTAL OF FOUR PLOTS) FROM 
UNFERTILIZED AND FERTILIZED W22XM14 PLANTS TREATED 
WITH 2,4-D 








Date of treatment F 





June 21 (6 leaves) 15.90 18.20 
July 4 (10 leaves) 16.35 18.65 
July 17 (15 leaves) 14.20 17.55 
July 31 (19 leaves) 10.80* 10.90* 


Average of treatments 14.31* 16.32* 
Checks 17.05 19.25 





*Reduction significant at 1% level. 


collar surrounding the stalk. Other roots formed a solid sheath that in 
many instances lacked normal orientation and stood outward at approxi- 
mately right angles to the stalk or grew upward a few centimeters about 
the stalk. These strains developed less severe abnormalities when treated 
with the one half pound rate, and morphological responses were relatively 
rare in WF9 and WF9xOs420 plants treated at any time with either rate of 
2,4-D. The W22xM14 plants in fertilized plots developed stalk bending, 
leaf rolling and abnormal brace roots in response to 2,4-D in about the same 
severity as plants in unfertilized plots. 

Lodging at harvest time was most severe among W22 plants treated at 
the 10 leaf stage with the one pound level of 2,4-D. W22xM14 plants 
treated atthe 9 and 11 leaf stages at the heavier rate also showed some, but 
less severe, lodging. The more severe lodging followed treatments having 
the greatest effect on stalk brittlesness. Practically no lodging was noted 
in WF9 and WF9xOs420 plants. Fertilizer as applied had little influence on 
lodging in W22xM14 plants. Extremely few broken stalks or dropped ears 
were encountered at harvest time and no relationship of either to treatment 
could be ascertained. 

CHANGES IN THE NopEs.—A number of slides were prepared of the sixth 
node of W22 plants at varying periods after treatment at the eight leaf 
stage. No consistent differences could be observed in the pith or bundle 
cells of the nodal plate region as a result of treatment, with the possible ex- 
ception that cells of the treated plants tended to stain more heavily, sug- 
gesting a higher protoplasm content. 

The marked stimulation of brace root development by 2,4-D treatments 
tended to result in the disruption of the hypodermis and the formation of a 
more or less continuous ring of meristematic cells around the nodes in which 
brittleness developed. Rapid stimulation of meristematic activity in the 
cortical zone adjacent to the stele, followed application of the chemical, as 
evidenced by small breaks in the hypodermal region after two days (fig. 5). 
More pronounced and severe developments were apparent after 11 days. 
Very possibly this weakening of the structurally important hypodermis (5) 
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is a major factor in the development of brittleness. This hypothesis fits 
well with the observation that breakage occurs most commonly just above 
the nodal plate in the region of brace root formation. 


Fic. 4. Response of W22xM14 corn plants five and 17 days after treatment on 
July 31 (tassel emerging) with one pound per acre of 2,4-D plus “ Tide.” Left—five 
days after treatment; Right—17 days after treatment. 


Discussion 

The stage of plant development at the time of applying 2,4-D is a major 
factor in the response of the plant to the chemical. The stage has been 
identified by the number of leaves expanded, including all early leaves 
whether or not these were still functional. Vegetative growth of the corn 
plant shows a typically sigmoid growth curve with slow development in the 
seedling stage, rapid growth from about knee heighth to tassel emergence, 
and the cessation of vegetative growth with tasseling and anthesis. 


Plants classed as three leaf had on the average emerged a week previ- 
ously, were three to four inches high, and in the seedling stage. These 


plants showed no response to the treatments used, either in vegetative 
growth or yield. Six leaf plants were three to four weeks old, measured 
from emergence, and about one foot high to the tip of the longest leaf. 








PLANT PHYSIOLOGY 





in 
> 


zs re: 
pays - 
C42 - 
Fic. 5. Nodal sections near the ground level of W22 planis treated at the eight 


leaf stage with one pound per acre of 2,4-D plus “ Tide.’ A—untreated; B—two days 
after treatment. C—untreated; D—11 days after treatment. 
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These plants were beginning culm elongation and were at or near the point 
of tassel and ear-shoot differentiation which has been shown (3, 8, 10) to be 
generally susceptible to 2,4-D. In the present study this stage continued, 
in some instances at least, into what were classed as eight leaf plants. 

The six to eight leaf stages showed the greatest increase in brittleness 
with 2,4-D applications to the susceptible W22 and W22xM14 strains. This 
effect was correlated with rapid development of the basal nodes to which 
brittleness tends to be confined, and with the stimulation of brace root 
meristems in these lower nodes. The resistant strains showed little or no 
brace root response and little or no increase in brittleness. The hypothesis 
is advanced, therefore, that the stimulation of meristematic activity in the 
brace root regions with a consequent disruption of the structurally impor- 
tant hypodermis and rind (5) is the major cause of brittleness. Other fac- 
tors such as dedifferentiation and changes in hydration may account for 
occasionally erratic increases in brittleness, but appear to be minor factors 
in the response. 

Experimental breaking tests were limited to the lower nodes, since field 
observations rarely show wind breakage of the higher nodes from late ap- 
plications of 2,4-D. These upper nodes show the effects of the chemical 
(fig. 4), but seldom break. Although they are better supported by leaf 
sheath development than the basal nodes, it seems probable that the absence 
of brace root development is one of the factors in their relatively greater 
strength after spraying. 

The experiment on the interaction of nitrogen fertilization and 2,4-D in 
the development of brittleness indicates that stage of growth, rather than 
rate of growth as frequently assumed, is the dominant factor in the brittle- 
ness response. Fertilized plants tended to be more brittle with 2,4-D treat- 
ments, but the differences were small and not statistically significant, while 
differences due to stage were highly significant. 

Spraying at the early vegetative stages (four to eight leaf) did not 
greatly reduce yields of the inbreds or of the susceptible hybrid (table 
VIII). The resistant hybrid, however, showed significant yield reductions 
from both the one half and one pound rates. This effect is attributed to an 
interference with the early differentiation of ear shoots, and is analogous to 
the early spray effects found on barley by Derscuerm (3). The failure of 
early sprays to reduce yields in the so-called susceptible strains may have 
been due to a more rapid destruction of the chemical in reactions which gave 
rise to the vegetative responses shown by these lines. 

Strains which showed marked vegetative responses to early sprays also 
showed inhibition of grain development at the base of the ears from sprays 
just before tasseling (fig. 3). The reaction here is suggestive of that shown 
by Britten (2) for naphthaleneacetie acid, although 2,4-D showed more 
toxicity and less stimulation of parthenocarpy. Reduced seed set was ac- 
companied by reduced viability in the surviving grains, particularly in W22 
(table V). The resistant lines showed little reduction in yield or viability 
from late sprays, but marked reductions in seedling vigor (table VI). 
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The differences in reductions of viability and vigor among strains have 
been attributed by RossMAN and STANiFORTH (8) to differences in destruc- 
tion and translocation of the 2,4-D within the plants. Since viability was 
affected in W22 and W22xM14 plants which developed morphological re- 
sponses, it is possible that some reaction within these plants results in the 
destruction of the 2,4-D and none is left to affect the growth of the ger- 
minating embryos. In the resistant strains WF9 and WF9xOs420, the 
chemical may be translocated and stored in the seed where it becomes reac- 
tive as growth is resumed in germination, and slows the growth of the de- 
veloping seedling. Reductions in vigor were not as closely related to yield 
reductions as were those in seed viability. 


Summary 


The effects of one half and one pound per acre rates of 2,4-D on four 
strains of corn at eight different growth stages were studied. Growth stages 
at time of treatment were indicated by number of leaves expanded, and 
were characterized more completely by the weight of individual plant parts 
after dissection. The principal measurement of plant response was stalk 
brittleness, which was measured quantitatively at 2, 


5, 11, and 18 days after 
treatment. Other responses studied were yield, morphological developments, 
and effects on seed viability and seedling vigor. The interaction of nitro- 
gen fertilizer and one half pound per acre of 2.4-D was studied on W22xM14 
plants. This study demonstrated that: 

1. W22 and W22xM14 were considerably more susceptible to 2,4-D than 
WF9 and WF9xO0s420. The inbreds, particularly W22, showed more sus- 
ceptibility than the single crosses in which they were included. Response, 
whenever shown, was greater with the heavier rate of application. 

2. Stalk brittleness was severe only in W22 and W22xM14 plants treated 
at the 6 to 11 leaf stages. Brittleness in general was well developed 2 days 
after treatment, considerably greater at 5 and 11 days, and had largely dis- 
appeared 18 days after spraying. 

3. Nitrogen fertilization caused an increase in the growth rate of W22x 
M14 plants, but did not significantly increase stalk brittleness after treat- 
ment with 2,4-D. 

4. A stimulative effect on brace root formation and a resulting interfer- 
ence with the development of the hypodermis were associated with stalk 
brittleness in treated plants. Breakage occurred normally in the region of 
brace root formation just above the sixth or an adjacent node. 

5. Weak stalks at harvest were found in W22xM14, and particularly in 
W22, plants treated at the 6 to 11 leaf stages. Increased stalk weakness due 
to fertilizer in W22xM14 was evident in plants treated at the 6 to 14 leaf 
stages. 

6. Weak shanks at harvest were found in W22xM14 plants treated at 
the 16 and 18 leaf stages when rapid shank elongation occurred. This weak- 
ness was slightly but not significantly increased on fertilized plots. 
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7. Yields were most severely reduced by treatment at the 18 leaf stage 
(tassel emerging), particularly in W22 and W22xM14. Poor grain devel- 
opment at the base of the ears was directly related to these reductions. 

8. Viability was reduced in seed from self-pollinated W22 and W22xM14 
plants treated at the early tassel stage, and to a lesser extent in W22 from 
treatment at the 16 leaf stage. 

9. Vigor of seedlings from seed produced by self-pollinated plants was, 
in general, most seriously affected by treatment at the early tassel stage, 
but decreased vigor in WF9 was evident from the one pound treatment at 
practically all stages. 

10. Morphological abnormalities such as stalk bending, leaf rolling and 
brace root stimulation were most frequent following treatment at the 6 to 
11 leaf stages. 

It may be concluded from the results of this investigation that applica- 
tions of 2,4-D for weed control in corn should be made before the 6 leaf 
stage or between the 11 and 16 leaf stages to cause a minimum amount of 
injury to the corn crop. Severe stalk brittleness in W22 and W22xM14 can 
be expected from treatment with heavy rates of 2,4-D during the 6 to 11 
leaf stages. An inhibited seed set and a resulting decreased yield may fol- 
low treatment between the 16 leaf and the early tassel stages. Viability 
may be low in seed produced by W22 and W22xM14 plants treated at these 
late growth stages and seedlings from such seed or from seed of treated WF9 
may show a decreased vigor. WF9 and WF9xOs420 are comparatively tol- 
erant to 2,4-D, but W22 and W22xM14 should not be sprayed, particularly 
during the susceptible growth stages, unless a large yield reduction is ex- 
pected from heavy weed competition. 


The author wishes to express his appreciation to Dr. W. E. Loomis and 
Dr. I. J. Johnson of Iowa State College for encouragement and helpful sug- 
gestions during the course of this investigation, to Dr. Loomis for advice 
and assistance in the preparation of this manuscript, and to Dr. J. E. Sass 
for assistance with the photographs shown in figure 5. 
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Cultures grown in vitro of normal, habituated, and bacteria-free crown 
gall tissues from similar organs of the same plant species (GAUTHERET, 7; 
Moret, 11) have provided excellent material for growth and development 
studies. While there are various anatomical, morphological, and physio- 
logical differences among these three tissue culture types, their response to 
specific growth substances such as indoleacetic acid or naphthalene acetic 
acid has been studied most extensively. The normal tissue can be grown 
indefinitely if one of these growth substances is added to the culture me- 
dium, while the habituated and crown gall tumor tissues do not require the 
addition of these substances to the culture medium. 

KuLESCHA and GAUTHERET (10) have determined the amounts of growth 
substances present in each of these tissue types taken initially from root 
fragments of Scorzonera. They reported the order of concentration in terms 
of indoleacetie acid equivalents by ratio to fresh weights to be as follows: 
5.3 to 5.5 x 10-8 for crown gall tumor tissue, 1.5 to 2.3 x 10-* for habituated 
tissue, and 0.1 x 10-* for normal tissue (at the end of seven days of growth 
in a medium without an added growth substance). As a result of these 
studies, it was concluded that the crown gall tumor tissue and the habit- 
uated tissue had the ability to synthesize a sufficient amount of growth sub- 
stance for their needs, while the normal tissue did not have this ability. 

These data point to differences in fundamental protoplasmic synthesis 
among these tissue types and thus make it desirable to determine the nitro- 
gen and amino acid content of the different tissues and to relate such find- 
ings to the amount of growth which each of the tissues makes during a 
given period. 


Materials and methods 


Stocks of normal, habituated, and bacteria-free crown gall tumor tissues 
of grape, Vitis vinifera L. var Aramon, were kindly supplied by Dr. Georges 
Morel, Lab. de Pathologie Vegetale, Versailles, France. These were sub- 


cultured through several passages in GAUTHERET’s (6) standard agar me- 
dium with 3% glucose. Prior to analysis they were grown for 40 days in 
this medium. The medium on which the normal tissues were grown con- 
tained 5x 10-§ gm./l. naphthalene acetic acid, while the medium on which 
the habituated and crown gall tissues were grown did not contain this sub- 
stance. 
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Tissue pieces were grown individually in large test tubes; 10 cultures of 
each of the three types of tissues made up a set. Three such sets were cul- 
tured. Individual analyses were made on cultures taken at random from 
each set. Initial fresh weights and final fresh weights at the end of a 40- 
day growth period were determined for all of the cultures. Dry weights 
were determined only for those tissues taken for analysis. Estimates of 
total crude protein were obtained by subtracting the figures for soluble 
nitrogen from those for total nitrogen and multiplying the results by 6.25 
(2). The total nitrogen determinations were made by the method of Folin 
and Farmer, as modified by Kocu and McMrEkeEN (9). Soluble nitrogen 
determinations were by the method of Wotr and Scuisaka (16). Phos- 
phorus determinations were made by the method of Fiske and SuBBAROW 
(5). In addition to these analyses, the amino acids were determined for 
each of the cultures by the paper chromatography technique as modified by 
WitiiAMs and Kirsy (15). The adaptation of the paper chromatography 
method to the analysis of this material has included a procedure, modified 
from Dent (4), for estimating roughly the quantity of each amino acid pres- 
ent in the samples. <A set of standards was prepared using known amounts 
of the different amino acids. These were used as a basis with which to 
compare the size and intensity of the spots from the unknown samples. By 
this technique, a series of arbitrary values could be assigned to the results. 
All determinations from each sample were made at least in duplicate and 
in some cases in triplicate. 


Results and discussion 


The results of the determinations are given in table I. The table shows 
values from about 1.2 to 1.5% total nitrogen for the normal tissue; from 
about 1.3 to 1.8% for habituated tissue; and from about 2.0 to 3.0% for 
the crown gall tumor tissue. All of these determinations are based on dry 
weights. The results of the soluble nitrogen determinations are somewhat 
more variable and do not show large differences among the three types of 
tissues as do the results of the total nitrogen determinations. The esti- 
mated total crude protein values, of course, reflect the same proportionate 
differences among the three tissues as do those for total nitrogen. These 
data would seem to be in agreement with the suggestion of Camus and 
GavTHeERET (3) that the habituated tissues possess physiological character- 
istics intermediate between those of normal tissue and crown gall tissue. 
It has already been pointed out that the crown gall tumor tissue and the 
habituated tissue apparently can synthesize the growth substances which 
they require, and it would appear from these data that these tissues also 


have an associated ability to synthesize a greater amount of protein. 
The values for total phosphorus do not show great differences among 


the three types of tissues. Those of habituated tissue are about the same 
as those of the normal tissue, and those of the crown gall tissue are slightly 
higher than either of the other two types. Tsao and Wuatey (14) have 
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TABLE I 


PERCENTAGE OF TOTAL NITROGEN, SOLUBLE NITROGEN, TOTAL PHOSPHORUS, 
ESTIMATED TOTAL CRUDE PROTEIN, AND PER CENT. DRY WEIGHT OF 
FRESH WEIGHT IN INDIVIDUAL NORMAL, HABITUATED 
AND CROWN GALL TISSUES OF GRAPE. 





Total Soluble Total Estimated total % dry wt. of 


viseee nitrogen nitrogen phosphorus crude protein fresh wt. 





* Normal 1.40 0.26 0.35 
oe 1.18 0.14 0.37 
se 1.48 0.07 0.51 
7 1.38 0.10 0.55 


Average 1.36 0.14 0.44 





Habituated 1.33 0.22 0.39 
= 1.41] 0.09 0.49 
wa 1.79 0.17 0.58 


Average 1.51 0.16 0.49 





Crown Gall 1.98 0.11 0.65 
es ig 2.00 0.14 0.84 
sti = 2.96 0.50 0.84 
? ” 2.98 


Average 2.48 0.25 0.78 13.9 5.6 





*The figures on a given line across the page above do not represent an analysis 


of the same sample. They are from samples taken at random from three sets of 
cultures grown at different times. Each set contained 10 cultures each of the three 
culture types. 


made studies of the uptake and accumulation of phosphorus by normal and 
bacteria-bearing crown gall tissues in vivo and have shown that crown gall 
tissue has a higher phosphorus level than does normal tissue from a com- 
parable location on the plant. 

While there were minor differences in the initial weights and the relation 
of the final fresh weights to the initial weights, there were distinct differ- 
ences in the amount of growth, as measured by final fresh weight minus 
initial weight, made by the different tissues. The initial weight was, for 
each tissue type, approximately 0.5 gm. The final fresh weights of normal 
tissue masses were between four and five gm.; those of habituated tissues 
from one to two gm.; those of crown gall tissue, one gm. or less. As table 
I shows, the crown gall tissues had the lowest per cent. dry wejght of fresh 
weight, while the habituated tissues had the highest per cent. dry weight of 
fresh weight. A comparison of the three tissue types with respect to their 
amount of growth, calculated content of total crude protein, and their per 
cent. dry weight of fresh weight reveals that each type is in a different order 
for each of these determinations. Since structural carbohydrate synthesis, 
as well as protein synthesis, is involved in the over-all growth of the tissues, 
these findings suggest that their metabolic differences involve factors related 
to the proportions of protein synthesis to structural carbohydrate synthesis. 
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It has been shown by Hitpepranpt, Riker, and Duccar (8) that growth 
of different tissues varies with respect to differences in the concentrations 
of available salts. It is possible that, in the experiment reported here, the 
more rapidly growing cultures may have partially exhausted the substrate 
immediately beneath the tissue masses. That this is not an adequate ex- 
planation of all the growth differences is clear from the fact that the tissues 
which made the least growth had the most nitrogen and calculated total 
crude protein, while the tissue which made the most growth had the least 
nitrogen and calculated total crude protein, and neither of these tissues 
had the highest percentage of dry weight. 

The amino acids of each of the three different types of tissues were 
found to be about the same. Serine, glycine, and glutamic acid were found 
in the highest concentrations; leucine, valine, alanine, threonine, lysine, and 
arginine, in the next highest concentrations; histidine, proline, hydroxypro- 
line, tyrosine, and methionine were found in very small amounts, while 
aspartic acid seemed not to be present in any of the tissues. Cystine, 
methionine, tryptophane, and tyrosine are subject to decomposition on acid 
hydrolysis in the presence of carbohydrates. For this reason the absence of 
these amino acids or their presence in only small amounts is not necessarily 
meaningful here. ALusopp (1) has reported a similarity in kinds of amino 
acids found in various tissues of a wide variety of plants, from groups as 
diverse as the red algae and the angiosperms. 

The absence of aspartic acid in the tissues studied here may be worthy 
of further consideration. ALusopp (1) reported its regular presence in all 
of the tissues which he investigated. Aspartic acid has been shown by 
NICKELL and BuRKHOLDER (12) to stimulate the growth of Rumex virus 
tumor tissues grown in culture when sugar and nitrate were used in opti- 
mum concentrations in the medium. Riker and Gutscue (13) found either 
aspartic acid, glutamic acid, or alanine when added to the culture medium 
to be a better nitrogen source than a number of other amino acids but not 
better than an inorganic source of nitrogen. Aspartic acid thus appears to 
be of importance in many plant tissues. The reason for its absence or the 
failure to detect its presence in the tissues studied here is not clear. 

The amino acid determinations reported here do not throw any light on 
differences among the three tissue types. The similarity of these data when 
compared with the differences in calculated total crude protein which were 
found among the three tissues suggests the need for further investigation of 
these tissues and perhaps the analysis of nitrogen containing compounds 
other than the amino acids. 


Summary 
Analysis of total nitrogen, soluble nitrogen, total phosphorus, and an 
estimation of total crude protein have been made of normal, habituated, 
and crown gall tissue cultures. The crown gall tissue has the highest per 
cent. total nitrogen and estimated crude protein, with habituated tissue 
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next, and normal tissue least in these determinations. The percentage solu- 
ble nitrogen followed the same pattern but did not differ as greatly. The 
percentage total phosphorus was highest for the crown gall tissue and about 
the same for the normal! and habituated tissues. In percentage dry weight 
the habituated tissues were highest, with the normal next, and crown gall 
least in this comparison. A suggestion is made that the metabolic differ- 
ences may involve factors related to the proportions of protein synthesis to 
structural carbohydrate synthesis. The amino acids of the three tissue 
types are essentially similar. 


The author is indebted to Mr. Marvin B. Edwards, Biochemist of the 
Plant Research Institute, University of Texas, for technical assistance. 
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Introduction 


Experiments in this laboratory have shown that certain aromatic deriva- 
tives of succinimide enhance the growth of roots of germinating seeds. The 
effect differs from those produced by auxins; succinimides produce no in- 
crease in the number of roots but bring about an increased rate of elon- 
gation of the primary root. Results will be reported of comparative studies 
of the effects of succinimide derivatives and closely related compounds with 
particular reference to relationships between chemical structure and activity. 
So far as we know, these compounds have not been tested previously for 
physiological activity in plants, but while this work was in progress Horr- 
MAN and SmitH (1) reported that N-phenylphthalamiec acids and phthal- 
imides, which are structurally similar to the above compounds, do possess 
certain growth substance activities. 


Materials and methods 


All compounds were first tested for their effects on the growth of germi- 
nating seeds by a technique similar to that of Swanson (2). Seeds of 
wheat (Triticum vulgare Vill. variety Henry) were germinated on filter 
paper in Petri dishes moistened with 5 ec. of a water solution of the com- 
pound to be tested. Ten seeds were used in each dish and all treatments 
were in duplicate. Usually serial concentrations of 1, 10, 25, 50, and 100 
mg./l. were used. After four days of growth in a dark room with nearly 
constant temperature (22° C) the seedlings were removed and the shoots 
and primary roots were measured. In spite of the maintenance of uniform 
conditions, the growth of the roots varied to the extent that in a given test 
differences between treatments of less than 20% may be of doubtful sta- 
tistical significance, and in interpretations of results allowance is made for 
this degree of variability. All experiments were duplicated with radish, 
variety Searlet Globe. 

Results 
RELATIONSHIPS BETWEEN CHEMICAL STRUCTURE AND ACTIVITY 


The results obtained on wheat with a variety of succinimides and related 
compounds are summarized in table I. Values above 120 indicate signifi- 


1 Present address: Texas Research Foundation, Renner, Texas 
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cant increases. The data show that solutions of N-pheny! succinimide and 
certain chlorinated derivatives produced about 50° increase in root length, 
as compared with water controls. In repeated experiments, the most active 
compounds consistently produced 30 to 75° stimulation in the optimal con- 
centration range and were not toxic even in saturated solutions (approxi- 
mately 100 p.p.m.). However, the nitro-derivatives were slightly toxie at 
concentrations greater than 50 p.p.m., but did produce appreciable stimula- 
tion at lower concentrations. Typical results obtained in a single experi- 


ment with serial concentrations of one compound are presented in figure 1. 


TABLE I 


SUMMARY OF EFFECTS OF VARIOUS SUCCINIMIDES AND CLOSELY RELATED 
COMPOUNDS ON THE GROWTH OF WHEAT AND RADISH SEEDLINGS 





Average lengths as per cent. of H,O controls 
from concs. with maximum response 





Compound Henry wheat Scarlet globe radish 





Conc. Roots Shoots Conc. Roots Shoots 





ppm. ppm. 
H,0 controls seve 100 100 oe 100 100 


N-pheny! succinimide 100 152 130 50 97 
N-o-chlorophenyl succinimide 100 152 144 50 121 
N-m-chlorophenyl succinimide 10 109 114 1 99 90 
N-p-chlorophenyl succinimide 25 147 147 10 98 
N-2,4-dichloropheny! succinimide 10 169 101 25 129 
N-o-nitropheny! succinimide 25 107 102 ] 104 96 
N-m-nitrophenyl-succinimide 10 143 108 1 105 
N-p-nitrophenyl succinimide 10 133 102 10 96 98 
Succinimide 1 101 103 50 99 95 
N-methyl succinimide 50 109 113 108 96 
N-butyl succinimide 50 117 123 50 92 
N-furfuryl] succinimide 1 117 107 1 91 112 
N-tetrahydrofurfuryl succinimide 1 111 108 10 96 103 
Succinic acid 25 86 83 100 96 98 


N-o-chloropheny] malimide 1 117 111 ] 132 103 
N-m-chlorophenyl malimide 1 112 

N-p-chlorophenyl malimide 25 121 118 1 130 lll 
N-o-chloropheny] phthalimide 10 1ll 96 l 94 87 
N-m-chlorophenyl phthalimide 1 111 103 1 119 114 
N-p-chloropheny! phthalimide 10 108 108 1 90 96 





Succinimide and its N-methyl-, N-butyl-, N-furfuryl-, and N-tetrahydro- 
furfuryl derivatives as well as monochloropheny! derivatives of malimide 
and phthalimide all were inactive or only slightly active. This suggests 
that the specific properties for activity reside in part in the phenyl group 
and in part in the imide portion of the active succinimide derivatives. The 
fact that succinie acid, tested over a wide concentration range, was com- 
pletely inactive eliminates the possibility that the stimulatory effect might 
be due to free dicarboxylic acid liberated by breakdown of the imides. 





ALLEN AND SKOOG: STIMULATION OF SEEDLING GROWTH 181 


These results have been confirmed in all essential details by tests on 
radish except that the latter species is somewhat more sensitive to the toxic 
action of the compounds. 


THE ACTION OF N-2,4-DICHLOROPHENYL SUCCINIMIDE IN MINERAL 
NUTRIENT SOLUTION 
In the above tests the growth of seedlings in succinimide solutions was 
compared with their growth in water only. Additional experiments were 
designed to determine whether or not the stimulation also occurred in the 
presence of mineral nutrients. For this purpose, N-2,4-dichlorophenyl suc- 
cinimide was tested in various combinations with dilute Hoagland’s solu- 
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Fic. 1. Effects of N-2,4-dichloropheny! succinimide on root growth of wheat and 
radish after four days germination at 22° C. 


tions substituted for water. It may be seen from the results (table II) that 
dilute Hoagland’s solution retarded the growth of young seedlings. At the 
same time, it is obvious that N-2,4-dichlorophenyl succinimide enhanced 
the growth of the seedlings, especially the roots, irrespective of the nutrient 
supply. 
(GREENHOUSE AND FIELD EXPERIMENTS 

As it had been clearly demonstrated that aromatic succinimides en- 
hanced root growth of seedlings, greenhouse and field experiments were 
undertaken to test for possible improvements in growth of larger plants. 
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Plants with larger root systems might compete more effectively for limiting 
supplies of water and nutrients, so that, if larger root systems could be 


established in the early stages of growth, improved later growth might 
result and might be of practical value in crop production. 

Several types of experiments were devised to test the effects of N-pheny] 
succinimides. They were added to the soil, to nutrient solutions in water 
culture experiments, sprayed on the foliage, and applied as seed treatments. 


TABLE Il 


THE EFFECT OF N-2,4DICHLOROPHENYL SUCCINIMIDE AND NUTRIENT SOLUTIONS 
ON THE GROWTH OF WHEAT SEEDLINGS. ALL DATA REPRESENT 
AVERAGES OF 20 SEEDLINGS. 


Treatment 





Shoot length Root length 
N-2,4-dichloropheny] (mm.) (mm.) 


Hoagland solution succinimide (mg./1-) 





0 35.9 62.5 

10 37.3 87.2 

es 25 27.0 73.3 

% strength 0 23.3 18.5 
% strength 10 29.3 49,2 
%o strength 0 31.5 48.7 
%o strength 25 35.2 72.3 





In no case was consistent stimulation obtained. However, in isolated ex- 
periments improved growth was obtained from the treatments, especially 
with corn and wheat in sand cultures. All field trials with succinimide 
seed-treatmients of corn failed to give significant increases in yields. From 
the negative results with larger plants, it was concluded that the growth 
stimulatory effect of the succinimides was confined to the earliest stages of 
seedling growth and any practical uses of the compounds for crop produec- 
tion were questionable. 
Discussion 

The experiments with large plants were inconclusive, but the germina- 
tion tests demonstrate a definite and apparently specific growth stimulatory 
effect of N-phenyl succinimide derivatives on seedlings. Results from indi- 
vidual Petri dishes were sometimes erratic but repeated tests involving over 
10,000 seedlings consistently gave root stimulation of the type reported here. 
Increases in shoot growth frequently accompanied the increases in root 
growth but were not consistently obtained. The most marked stimulation 
was obtained in the germination tests with added nutrient solutions. In 
this case root length increases of 200% were obtained from treatments with 
N-2,4-dichloropheny! succinimide. 

With regard to structure and activity, only the aromatic derivatives of 
succinimide are appreciably active. Addition of a hydroxyl group to form 
malimides greatly reduces activity. The fact that the most active com- 
pounds are the most lipophilic of the tested series may imply that they act 
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by affecting permeability, or their activity within the cell is governed by 
their respective capacities to be adsorbed on to lipoid materials. In view 
of their structural relationship to auxins, they might possibly stimulate root 
growth by interfering in some way with the control of growth by the auxin. 


Summary 

Certain aromatic derivatives of succinimide stimulate growth of wheat 
and radish seedlings, particularly of roots, in four-day germination tests. 
Aqueous solutions of N-2,4-dichloropheny! succinimide in concentrations 
from 10 to 50 p.p.m. as compared with water controls consistently increased 
the root length by 30 to 75%. N-phenyl succinimide and other chlorinated 
derivatives were slightly less effective. Low concentrations of N-nitro- 
phenyl succinimides were also active but concentrations above 50 mg. /1. 
tended to be toxic. The effect was obtained both in the presence and 
absence of mineral nutrients. 

Succinimide and its N-methyl-, N-butyl-, N-furfuryl-, and N-tetrahydro- 
furfuryl derivatives had only slight if any growth stimulatory effects. The 
chlorinated N-phenyl malimides or phthalimides, if at all active, had much 
less effect than similar N-phenyl succinimides. The organic acids corre- 
sponding to the imides were inactive. 

No reproducible stimulation of growth in older plants was obtained 
either by seed treatments or subsequent applications of the chemicals to 
shoots or roots. It is concluded, therefore, that the effects may be confined 
to the earliest stages of seedling growth. 
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In a previous paper EarLey and DeTurk (12) presented a study of total 
and phytin phosphorus in kernels of Station Reid Yellow Dent corn at dif- 
ferent stages of development. Grain samples collected from that experiment 


were analyzed for reducing sugar, total sugar, sucrose, dextrin, and starch, 
and the results are presented in this paper. 


Data from a somewhat similar investigation were published in 1941 by 
Evans (13) who sampled corn kernels 15 days after silking and continued 
sampling at weekly intervals for a period of six weeks, at which time the 
kernels were fully matured. The results of Evans’ work and those reported 
here agree rather well for kernels of the same stage of development. How- 


ever, the principal contribution of the present investigation is that of show- 
ing the concentration of carbohydrates in the unfertilized ovules at silking 
time and in the kernels during the first three weeks following controlled 
pollination. 
Collecting and preserving grain samples 

Dates of pollination and sampling are given in table I. The details of 
these operations are described in a previous publication (12). Each field 
sample of ear corn was divided into three laboratory samples of an equal 
number of ears and the kernels were removed from each sample and kept 
separately. Kernels too young to be shelled were cut and scraped off the 
cob and a weighed portion macerated in a mortar and preserved in ethanol 
in a 400-ml. beaker. Moisture was determined on each sample. Kernels 
that could be shelled were shelled and dried in a force-ventilated oven at 
70° C and then ground. Two of the three laboratory samples were used for 
analysis and if close agreement was obtained the third sample was not 
analyzed. All chemical results are reported on a moisture-free basis. 

Methods of analysis 

Sugars were extracted in a Soxhlet apparatus with 80% aleohol for 15 
hours. Reducing sugars were determined by a modified Munson-Walker 
method (3, 5, 7, 9,14). Sucrose was inverted by acid hydrolysis and starch 
was digested by takadiastase and acid hydrolysis (8, 10). 


Results and discussion 


Carbohydrate analyses of unfertilized corn ovules and of corn ovules 
which had been fertilized for various lengths of time are shown graphically 
in figure 1. The concentration of reducing sugar in the unfertilized ovules 


184 





EARLEY: CARBOHYDRATES IN KERNELS OF CORN 185 


was 24.0%. It remained at approximately this level during the first 10 days 
after pollination. Two weeks after pollination the reducing sugar had de- 
creased sharply and continued to decrease through the third week. From 
the end of the third week through the eighth week the percentage of re- 
ducing sugar in the kernels decreased very slowly, then increased slightly 
during the ninth and tenth weeks. 

The concentration of sucrose in the unfertilized ovules was less than half 
that of the reducing sugar; namely, 9.980. Twelve hours after pollination 


TABLE I 
SCHEDULE OF POLLINATIONS MADE AND SAMPLES COLLECTED, 








Date and kind No. of ears Date and time Interval between 
of pollination per field sampled pollination and 
1939 sample 1939 sampling 





Not pollinated 24 July 20, 10 
July 20, 8 A.M. 24 July 20, 2 
July 20, 8 A.M. 24 July 20, 8 
July 20, 5-7:30 P.M. 21 July 21, 7 
July 20, 5=7:30 P.M. 21 July 22, 
July 20, 5-7:30 P.M. 18 July 23, 
July 20, 57:30 P.M. 15 July 24, 
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Aug. 10 3 weeks 
Aug. 17 4 weeks 


Aug. 24 5 weeks 
Aug. 31 6 weeks 


Sept. 7 7 weeks 
Sept. 14 8 weeks 


Sept. 21 9 weeks 
Sept. 28 10 weeks 
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the sucrose content had increased to 12.80 and by the fifth day had de- 
creased to 7.45%. Sucrose content again increased in the fertilized corn 
kernels between the five-day sampling period and the two-week sampling 
period when it reached its maximum concentration of 15.0%. During the 
third week the concentration of sucrose diminished rather rapidly and there- 
after continued to decrease slowly during the rest of the sampling period. 

Unfertilized corn ovules contained 34.5% total sugar, and this percent- 
age remained approximately constant in the kernels during the 10-day period 
following pollination. Total sugar declined rapidly from the tenth day to 
the third week, paralleling the decline in reducing sugar. From the third to 
the ninth week there was a gradual decrease in the percentage of total sugar, 
followed by a slight increase for the tenth week. ARCHBOLD and MUKERJEE 
(2) found a similar trend for total sugar in the developing barley ear. 
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The dextrin-starch fraction made up 9.83% of the dry weight of the 
unfertilized corn ovules. Corn kernels three days after pollination con- 
tained 12.6% dextrin-starch while those seven days after pollination con- 
tained 4.25%. This fraction increased very rapidly in the kernels during 
the second and third weeks after pollination and averaged 26.5% and 
54.8%, respectively. There was no appreciable change in the per cent. of 
starch during the fourth and fifth weeks from that of the third week. The 
per cent. of this fraction increased in the kernels during the sixth and 
seventh weeks, but showed no further increase during the last three weeks 
of the sampling period. Concentration of the dextrin-starch fraction in the 


ee 


-_————————-1 DE X TRIN ¢ STARCH 
‘eisai ~ TOTAL SUGAR (DEXTROSE) 








6-24 - 9-14 9-21 9-28-39 
SAMPLING DATES 


Fic. 1. Percentage of carbohydrates in kernels of Station Reid Yellow Dent corn 
at different stages of development. July 20 values represent unfertilized ovules. 


kernels seven to ten weeks after pollination was considerably lower than 
that reported by Evans (13) for corn kernels of similar age. No explana- 
tion can be given for these low dextrin-starch values; however, they do not 
alter either the trend in percentage (fig. 1) or the trend in grams (fig. 2) of 
this fraction in developing corn kernels. The decrease in grams of dextrin- 
starch in the kernels per ear of corn for the last two sampling periods (fig. 
2) is due to the fact that only smaller ears were available for harvesting at 
these times (12). 

A qualitative test specific for starch showed that starch was present in 
the corn ovules before pollination and in the corn kernels during the first 
week following fertilization, although the rapid synthesis of starch did not 
begin until sometime during the second week after pollination. BERNSTEIN 
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(6) found that the small amount of starch present in corn kernels one week 
after pollination was in the pericarp. BARNELL (4) reported that wheat ears 
contained a high concentration of sugar at ear emergence but that they did 
not contain starch until one or two weeks after ear emergence. 

The curves in figure 1 for per cent. total sugar and per cent. dextrin- 
starch show a pronounced inverse relation during the second and third weeks 
following pollination. The inverse relation seems to indicate that the dex- 
trin-starch fraction was increasing in the corn kernels at the expense of the 
total sugar in the corn kernels. However, figure 2, which gives the grams 


ee DE XTRIN € STARCH ‘ 
Gaus emcee — TOTAL SUGAR (DEXTROSE) 
—* REDUCING SuGAR (DEXTROSE) 








610 617 8-24 8-3) 914 9-21 9-28-39 
SAMPLING DATES 
Fic. 2. Cumulative grams of carbohydrates in kernels per ear of Station Reid 
Yellow Dent corn at different stages of development. July 20 values represent unferti- 
lized ovules. 


of the various carbohydrates in the kernels per ear of corn, shows that the 
dextrin-starch fraction did not increase at the expense of sugar previously 
stored in the kernels. For example, during the first four weeks after polli- 
nation, total sugar, although rapidly decreasing in percentage, was increas- 
ing in amount in the kernels per ear. Therefore, the inverse relation of per 
cent. total sugar and per cent. dextrin-starch during the second and third 
weeks after pollination was due to the rapid translocation of sugar into the 
corn kernels with most of it being converted immediately into dextrin and 
starch, with a subsequent increase in the weight of the kernels. Sugar did 
not accumulate in the corn kernels at any stage of development studied in 
this investigation to the extent that it served as a principal supply for the 
synthesis of the dextrin-starch fraction. Increase of this fraction in the 
kernels depended on the daily translocation of sugar from the other parts 
of the plant. 
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No attempt was made in this experiment to determine whether carbo- 
hydrates of the grain eame from a supply of sugar stored in the stalks or 
from the supply of the leaves manufactured daily, or both. According to 
Duncan (11) the supply of sugar manufactured daily by the leaves is the 
principal source of carbohydrates for corn grain. This also seems to be true 
in the case of the barley plant, as reported by ARcHBOLD and MUKERJEE (2). 
They stated that “The loss of sugar from the (barley) stem is equivalent to 
about 10% of the (harvest) dry weight of the ear. As far as ear develop- 
ment is concerned, if the substances lost from the leaves, stems and sheaths 
of the plant were all translocated to the ear a maximum of 20% of the ear 
dry weight would result from such depletion. Eighty per cent. of the final 
dry weight of the ear must result from direct assimilation by the leaves, 
stems and ears themselves, and stored sugar cannot be regarded as essential 
to ear development. Although the fate of the stored sugar is uncertain, it 
is shown that it plays no important part in ear development and it is not 
even certain that there is any upward translocation of such sugar at all.” 

The approximate rate of sugar translocation into the kernels per ear of 
corn may be calculated from the data in figure 2. The maximum rate of 
translocation occurred during the seventh week following pollination. Dur- 
ing this period 35.2 grams of sugar, expressed as dextrose, were translocated 
into the grain. This amount corresponds to a uniform translocation of 3.49 
milligrams of dextrose per minute. Of the 35.2 grams of sugar translocated 
into the kernels per ear during the seventh week, only 0.29 gram of sugar, 
as dextrose, accumulated. The lack of accumulation of sugar shows how 
rapidly and completely sugar is synthesized into starch after it reaches the 
grain. 

Carbohydrates in corn silks 


The percentages of reducing sugar, sucrose and total sugar in corn silks 
(table II) are.in the same order as in the kernels for the same period. How- 
ever, the difference between reducing sugar and sucrose was greater in the 
silks than in the kernels for the period tested. There was an indication that 
sucrose increased at the expense of reducing sugar on the fifth and seventh 
day after pollination. Although samples of corn silks were not taken be- 
yond the seventh day following pollination, it is believed that most of the 
sugar was translocated from the silks into the developing kernels. 


TABLE Il 
PERGENTAGE OF CARBOHYDRATES IN SILKS OF STATION REID 
YELLOW DENT CORN, 


Total sugar 
as dextrose 


Interval after Reducing sugar 
pollination as dextrose 


Sucrose 





Unpollinated 36.5 
1 day 36.5 
3 days 36.: 
5 days 33. 

7 days 33.9 
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Carbohydrates in corn pollen 


Data in table IIT give percentages of reducing sugar, sucrose, and total 
sugar in pollen of Station Reid Yellow Dent and Ohio 67. It will be ob- 
served that the concentration of reducing sugar and of sucrose is in reverse 


TABLE III 
PERCENTAGE OF CARBOHYDRATES IN CORN POLLEN, 











Reducing sugar 


Total sugar 
as dextrose 


Sucrose 
as dextrose 


Variety 





Station Reid 
Yellow Dent 9.82 17 
Ohio 67 12.84 15.6 





order of that found in the silks. Similar results have been reported by 
ANDERSON and Kup (1) who found pollen of a yellow dent corn contained 
3.50% reducing sugar and 9.09% sucrose. 


Summary 


The purpose of this investigation was to determine the concentration of 
reducing sugar, sucrose, and dextrin-starch in unfertilized ovules and devel- 
oping kernels of Station Reid Yellow Dent corn. 

Unfertilized ovules contained 34.5% total sugar immediately prior to 
pollination. During the first 10 days after controlled pollination the young 
corn kernels contained an average of 35.7% total sugar. Of this amount 
reducing sugar and sucrose made up 25.0% and 10.1%, respectively. 

The percentage of reducing sugar decreased rapidly in the kernels from 
the 10-day to the two-week sampling, and sucrose increased during the 
interval. From the two-week sampling to the end of the experiment, a 
period of eight weeks, reducing sugar and sucrose decreased from 12.1% and 
15.0% , respectively, to approximately 1.0% each. 

Starch was present in the corn ovules before pollination. The starch- 
dextrin fraction averaged 8.44% of the dry weight of the kernel the first 
week after pollination. By the end of the second week this fraction had 
risen to 26.5% and by the end of the third week it was 54.89%. From the 
third through the sixth week the percentage of starch and dextrin remained 
fairly constant. During the seventh week this fraction increased a little 
and remained at this level to maturity. 

The inverse relation of per cent. total sugar and per cent. dextrin-starch 
during the second and third weeks after pollination is not due to the con- 
version of sugar, previously stored in the corn kernels, to dextrin and starch. 
Rather, it is due to the rapid translocation of sugar into the kernels with 
most of it being converted immediately into dextrin and starch, with a 
subsequent increase in the weight of the kernel. 

The greatest change in the percentages of the carbohydrates in the ker- 
nels of Station Reid Yellow Dent corn occurred during the second and third 
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weeks after pollination. Little change occurred in the percentages of the 
carbohydrates before or after this two-week period. 

The percentages of reducing sugar and sucrose in corn silks and pollen 
are given and briefly discussed. 
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Introduction 

The work of CoLLANpeR (4, 5) illustrates that plant species and varieties 
are clearly distinct from one another in regard to the absorption of ions 
from nutrient solutions containing equal concentrations of several bases. 
The findings of Haas (14) and Smiru et al. (26) indicate that the accumu- 
lation of ions in citrus is complicated by the fact that most commercially 
grown citrus trees are composed of two species or varieties of citrus: 1. a 
scion, or top, such as the Valencia orange, budded onto 2. a seedling root- 
stock, such as sour orange. These workers found highly significant differ- 
ences in concentrations of nitrate, potassium, calcium, magnesium, manga- 
nese, copper, boron, zinc, and iron ions in the leaves of the scion that are 
attributable to a rootstock influence. Likewise, differences in concentra- 
tions of ions in two scion varieties of citrus growing on the same variety of 
rootstock were found attributable to scion influence (14). 

The work of Eaton (8, 9) has shown a selective absorption by plants of 
toxic amounts of such ions as chloride, sulphate, sodium, and boron intro- 
duced into soil with irrigation water. He found this selective absorption to 
vary for different species of plants. Haas (12) showed that Valencia orange 
trees on sweet orange rootstock, when growing in a nutrient solution to 
which large amounts of NaC] had been added, accumulated large quantities 
of chloride. Reep and Haas (20) also found that Valencia orange trees on 
sweet orange rootstock absorbed only small quantities of sodium when 
grown in nutrient solutions containing large amounts of NaCl. No results 
were reported, however, on the accumulation of these two ions in scions 
grown on other rootstocks. Both scion and rootstock influences on the 
accumulation of boron in citrus are shown by the work of Eaton and Biair 
(10). They worked with reciprocally grafted plants of Eureka lemon and 
Severinia buzxifolia grown in controlled cultures receiving different amounts 
of boron. They found that the rootstock tended to control the quantity of 
boron accumulated in the scion. Other workers (13, 23, 26), who used other 
varieties of citrus as scion and rootstock, confirmed these results. 

A recent report (6) from this laboratory presented data on the injury 
to citrus trees of four rootstock-scion combinations subjected to varying 
amounts of added salt and boron, alone and combined, applied to a soil 
substrate. The test plants consisted of Valencia orange scions and Shary 
Red grapefruit scions on sour orange and Cleopatra mandarin rootstocks. 
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The symptoms of salt toxicity and boron toxicity observed on foliage of 
these plants were clearly distinguishable. 

Boron toxicity symptoms in these experiments consisted of irregular 
areas of yellowish-orange tint between the veins, along the margin and at 
the tips of the leaves as described by KeLty and Brown (17). Some tip 
burn and defoliation were observed. While scion or rootstock did not influ- 
ence the severity of boron toxicity symptoms, scions on Cleopatra rootstock 
showed boron toxicity symptoms earlier than scions on sour orange root- 
stock. 

Salt-excess injury in these experiments consisted of a collapse of the 
tissue between the veins, along the margins and at the tips of the leaves. 
The tissues became necrotic and developed a burned appearance, symptoms 
resembling those described by Reep and Haas (21) for salt injury on Va- 
lencia orange leaves. The necrotic leaves abscised within from two to four 
weeks after injury. The few new shoots which later grew on defoliated trees 


were weak. The terminal shoots developed an S-like curvature and many 


became necrotic and died back. Both scion and rootstock influenced the 
severity of damage. The salt tolerance of the four scion-rootstock combi- 
nations decreased in this order: Valencia on Cleopatra > Shary Red on 
Cleopatra > Valencia on sour orange > Shary Red on sour orange. 

The variation in severity of leaf injury observed in trees of different 
scion-rootstock combinations would indicate a similar variation in the ionic 
accumulation in the leaves. Consequently, samples of leaves from the trees 
under differential treatment were assayed for chloride, sodium, caleium, and 
boron. Analyses was also made for potassium and magnesium as an abun- 
dance of these ions in the soil substrate provides the possibility of potassium 
and magresium accumulation in the plant and of their interaction with the 
applied anions and cations. Other parts of the plants from some of the 
treatments were analyzed also for the same ions. This report deals with the 
data on accumulation of ions in the plants and on the manner in which 
rootstock and scion influence this accumulation. 


Materials and experimental procedures 


There were five scion-rootstock combinations (including seedling Cleo- 
patra mandarin) and eight boron and salt treatments included in the experi- 
ment as previously described (6). However, in the present study of ionic 
accumulation in the leaves only four of the five scion-rootstock combina- 
tions and six of the eight boron and salt treatments are considered. The 
four scion-rootstock combinations considered are as follows: Valencia orange 
scion on Cleopatra mandarin rootstock; Shary Red grapefruit scion on Cleo- 
patra mandarin rootstock; Valencia orange scion on sour orange rootstock; 
and Shary Red grapefruit scion on sour orange rootstock. 

The salt and boron treatments were applied to the soil through the irri- 
gation water. The six differential treatments considered in this study are 
as follows: 
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No salt added. (The base water supply had electrical conductivity of 
1.2 millimhos per em. and contained 2.87 equivalents per million 
(e.p.m.) sodium, 5.25 e.p.m. chloride, and 0.2 p.p.m. boron.) 

A. No boron added. B. Boron added as borie acid to make 1 p.p.m. 
C. Boron added to make 3 p.p.m. D. Boron added to make 6 p.p.m. 
NaCl and CaCl. salts added to base water supply to give electrical con- 
ductivity of 8.0 millimhos per em. (This salt solution contained 33.5 
e.p.m. sodium, 55.0 e.p.m. chloride, and 0.4 p.p.m. boron.) 


A. No boron added. B. Boron added to make 6 p.p.m. 


The trees were one year old, had a bole diameter of approximately two 
centimeters at the start of the test, and were planted in plots arranged as 
a series of 16 latin squares. The individual latin squares were 15 feet by 
15 feet and consisted of five rows of trees with one tree of each scion-root- 
stock combination in each row. The randomization of the trees was the 
same for each latin square. 

The substrate used for these studies was Brennan fine sandy loam 
located at Rio Farms, Inc., Monte Alto, Texas. At this location the top 
24-inch horizon was a greyish brown, friable, nonealeareous loam high in 
organic matter. The cation exchange capacity was 9.3 milliequivalents 
(m.e.) per 100 grams. The exchange complex consisted of 65° calcium and 
2° sodium; the remainder was principally potassium and magnesium. The 
saturated soil (22) containing 35% water had a pH value of 7.1. The ex- 


tract of the saturated soil had an electrical conductivity of 1.3 millimhos per 
em. and contained 0.3 p.p.m. boron. The test area was well drained, with 
no water table in a 14-foot-deep test hole. 


The plots were irrigated with approximately three inches of the test 
solutions approximately every 15 days from May 9, 1949, until September 
8, 1949. No rain occurred at the location during that period. Occasional 
rains interrupted the 15-day irrigation schedule after September 8, but irri- 
gations were made on October 10 and November 22. 

The electrical conductivity of the extract of the saturated soils on all 
plots not receiving added salt remained at 1.2 millimhos per em. during the 
39-week test period. The addition of salt to the substrate caused a gradual 
rise in conductivity of the extract of the saturated soil from 1.2 millimhos 
per cm. on May 9 to 6.0 on July 8. After this date the electrical conduc- 
tivity remained at the same high level until September 8. Because of inter- 
mittent rains, the control of soil salinity was not as precise during the fall 
and winter. 

Five spring-flush leaves were collected from each tree on each plot on 
August 22, November 22, and February 7. A composite sample was made 
of the leaves from the five trees in a single plot of each scion-rootstock 
combination. The leaves were wiped with a moist cloth, rinsed with dis- 
tilled water, oven dried at 75° C, and ground to a fine powder in a Wiley 
mill. Samples of twigs, trunks, and roots were collected from several plots 











194 PLANT PHYSIOLOGY 


as described in the results. These plant parts were cleaned, dried, and 
ground to a fine powder in the same manner as the leaf samples. 

In the analysis for potassium, sodium, calcium, and magnesium, a given 
amount of the dried leaf powder was dry ashed, digested with HNOs, fil- 
tered, and made up to 100 ml. Calcium, potassium, and sodium were deter- 
mined on a Perkin-Elmer Flame Photometer, Model 52-A, in which lithium 
was used as an internal standard. Magnesium was determined colorimetri- 
cally by the thiazol yellow method (18). Chloride was determined by the 
standard A.O.A.C. (1) procedure for plant tissue. For boron analysis a 
given amount of the sample was dry ashed with CaO, digested with 6.V 
HCl, filtered and made up to 100 ml. as deseribed by Harcner and WiLcox 
(15) and boron was determined colorimetrically by the carmine method (15). 

Since the boron and salt treatments were applied to latin squares con- 
taining the scion-rootstock combinations, the experiment is a_ split-plot 
design; and, consequently, a split-plot analysis was used. The procedure 
for calculating the minimum significant differences are those of CocHRAN 
and Cox (3). 


Results 
RELATIVE ACCUMULATION OF IONS IN LEAVES, TWIGS, TRUNK, AND ROOTS 


The primary aim of this study was to determine the relation between 
leaf injury and the accumulation of certain ions in the leaves which may 
be associated with injury. It is also important to know whether the ion 
concentrations in other portions of the plants are commensurate with the 
concentrations of these ions in the leaves (table I). 

In the plants in the control treatment chloride was highest in the fibrous 
roots, smaller amounts occurred in the lateral roots, leaves, and twigs, and 
relatively little occurred in the trunk. Sodium was also highest in the 
fibrous roots, but it was fairly equally distributed in the other parts. The 
addition of salts to the substrate resulted in an increase in chloride in all 
plant parts, but there was a sevenfold increase in the leaves as compared 
with only a twofold increase in the lateral roots. In the case of sodium the 
salt treatment resulted in a threefold increase in both the leaves and lateral 
roots. On a milliequivalent basis nearly five times as much chloride as 
sodium accumulated in the leaves of trees under salt treatment, while the 
accumulation of chloride and of sodium was nearly equal in the lateral 
roots. These results on the effect of high soil salinity on the distribution of 
sodium and chloride ions in the plant are in agreement with the results of 
other workers (5, 8, 11, 16). Cot anper (5) observed that of 17 plant spe- 
cies under test, 11 had a higher sodium content in their roots than in their 
shoots, three had equal sodium in roots and shoots and one had more sodium 
in shoots than in roots. 


The distribution of boron, potassium, and calcium in various plant parts 


is also shown in table I. Boron accumulated principally in the leaves. 
Potassium was consistently highest in the leaves. The calcium ion was con- 
sistently highest in the bark of the trunks, was slightly lower in the leaves, 
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TABLE I 


THE EFFECT OF BORON AND SALT TREATMENT ON THE ACCUMULATION OF IONS 
IN VARIOUS PORTIONS OF THE PLANT AFTER 39 WEEKS OF TREATMENT.* 
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*Values given are the average for one tree of each of the four scion-rootstock 
combinations. 
and was consistently low in the wood of the trunk and in the roots. The 
larger accumulation of chloride and potassium in the leaves than in other 
parts of the trees under high salt treatment indicates that leaf analysis 
gives a fairly accurate picture of the accumulation of these ions in the plant 
for this treatment. The higher concentrations of sodium in the roots than 
in the leaves and of calcium in the trunk bark than in the leaves indicate 
the desirability of analysis of other parts as well as the leaves for a com- 
plete picture of the effect of rootstock and scion on the accumulation of the 
ions in the plant. 


ACCUMULATION OF IONS IN LEAVES 


The values given for the various ions in table II represent the mean for 
the three composite samples taken on three sampling dates. The leaves col- 
lected on the three sampling dates were 6.5, 9.5, and 12 months old, respee- 
tively, but had been subjected to differential treatment for approximately 
15, 28, and 39 weeks, respectively. The effect of the sampling dates on ion 
accumulation was tested by analysis of variance and was found to be non- 
significant. The F values for the salt and boron treatment means and for 
scion and rootstock means were found to be highly significant for all ions. 








Treatment and statistical 
indices 





No salt, no boron 
(control) 


PLANT 


TABLE II 


EFFECT OF SCION AND ROOTSTOCK AND BORON AND SALT ON CONCENTRATION 
OF IONS IN LEAVES 


Scion-rootstock 


Valencia on Cleo 
Shary on Cleo 
Valencia on sour 
Shary on sour 


PHYSIOLOGY 


DURING THE 39 WEEKS TREATMENT.* 


Concentration 





Treatment mean 





No salt, 1 p.p.m. boron 


Valencia on Cleo 
Shary on Cleo 
Valencia on sour 
Shary on sour 


0.33 
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0.06 
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0.085 3.56 2.39 





No salt, 3 p.p.m. boron 


Valencia on Cleo 
Shary on Cleo 
Valencia on sour 
Shary on sour 


0.28 
0.11 
0.34 





Treatment mean 


0.07 
0.11 
0.07 


267 
337 
240 
238 


268.8 


528 
503 
440 
388 





0.082 3.44 


465.0 





No salt, 6 p.p.m. boron 


Valencia on Cleo 
Shary on Cleo 
Valencia on sour 
Shary on sour 





0.07 
0.14 
0.07 
0.09 


1111 
1027 
820 
804 





Treatment mean 


0.090 3.41 


940.8 





Salts added, no boron 


Valencia on Cleo 
Shary on Cleo 
Valencia on sour 
Shary on sour 





Treatment mean 


0.245 4.46 2.15 





Salts added, 6 p.p.m. boron 


Valencia on Cleo 
Shary on Cleo 
Valencia on sour 
Shary on sour 





Treatment mean 





Scion-roctstock means 


Valencia on Cleo 
Shary on Cleo 
Valencia on sour 
Shary on sour 





0.59 
1,08 
1.14 


0.16 
0.37 
0.13 
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140 
162 
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0.137 
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3.78 
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561.8 
391.1 
401.8 
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TABLE II (continued) 








Concentration of ions in dried 
Treatment and statistical leaves 
indices 





Cl Na Ca 





% % % 


Treatment means 
Significance of F value 
L.S.D. at .05 level 0.039 0.29 
L.S.D. at .01 level 0.044 0.40 


** at 








Scion-rootstock means 
Significance of F value 
L.S.D. at .05 level 0.022 0.20 
L.S.D. at .01 level 0.029 0.2 


** *** 





Treatment X scion-rootstock interaction 
Significance of F value +* +* N.S. %* 
L.S.D. at .05 level 0.30 0.053 .... 0.36 
L.S.D. at .01 level 0.40 0.071 ... 0.48 





* The values are the average for leaves which have been under differential treat- 
ment for 15, 28, and 39 weeks. 

** Significant by odds of at least 99: 1. 

N.S., not significant by odds of at least 19: 1. 

L.S.D., least significant difference between any two means. 


Those for the treatment x scion-rootstock interaction were highly significant 
for the chloride, sodium, and potassium ions but not for the calcium and 
boron. 

Boron.—Increases in the amount of boron added to the irrigation water 
were associated with marked increases in boron content of the leaves. Add- 
ing salts only to the irrigation water did not influence the boron content of 
the leaves; but, at the 6 p.p.m. level of boron supply, salinization resulted 
in a lower level of boron in the leaves. Scions on Cleopatra tended to con- 
tain more boron than those on sour orange rootstock, but there was no differ- 
ence in boron content of the two scions on a given stock. This indicates 
that the rootstock, and not the scion, regulates the boron accumulation in 
leaves. 

These results on boron accumulation for these two rootstocks are in 
agreement with observations by other workers (13, 23, 26). Likewise, the 
boron values for Valencia and grapefruit in the control plot are similar to 
those reported for this area by REvuTHER et al. (24). 

CHLORIDE.—The accumulation of chloride in the leaves of the plants was 
proportionate to the concentrations of this ion in the respective substrates. 
A ninefold increase in chloride in the irrigation water used on the salt plots, 
as compared with that supplied the control, resulted in twelvefold and ten- 
fold increases in chloride in the plants in the two salt plots as compared 
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with the control plants. Addition of boron alone to the irrigation water had 
no influence on chloride accumulation in the leaves, but salinization plus 
boron resulted in a slightly lower level of chloride in the leaves than salini- 
zation alone. 

Scions on sour orange rootstock in the two salinized plots accumulated 
approximately twice as much chloride as scions on Cleopatra in the same 
plots. In contrast, there was no difference in the chloride content of the 
leaves on the two scions on the same rootstock. These results indicate that 
the rootstock, and not the scion, regulated chloride accumulation in leaves. 

SopruM.—Boron in the irrigation water had no influence on sodium 
accumulation, but salinization increased the sodium content of the leaves. 
The amount of sodium accumulation in the leaves, however, is not com- 
mensurate with the sodium content of the irrigation water applied since an 
elevenfold increase in sodium in the water used on the saline plots, as com- 
pared with the control, resulted in approximately a twofold increase in the 
sodium content of the leaves of the plants. Likewise, the accumulation of 
sodium in the plants of the salinized plots is not in proportion to the ac- 
cumulation of chloride. The irrigation water used on the “salt added, no 
boron” plot contained 33.5 e.p.m. of sodium and 55.0 e.p.m. of chloride. 
Analysis of the saturation extract of the soil showed 28.3 e.p.m. sodium and 
40.9 e.p.m. chloride. The leaves on trees in this plot contained 536% more 
chloride than sodium on a milliequivalent basis. This is a striking differ- 
ential in accumulation of these ions, but it is in agreement with the results 
on other plants (5, 11). 

There is a highly significant effect of scion on the accumulation of 
sodium in- the leaves. The leaves of the Shary Red scion on both root- 
stocks showed a higher concentration of sodium than the leaves of the 
Valencia scion on the same rootstocks. This effect was most evident in the 
salinized plots. 

There was no evidence of rootstock effect on sodium accumulation in the 
leaves except for the Shary scion in the 6 p.p.m. boron plus salt treatment. 
Under this treatment a higher sodium concentration in the leaves Was associ- 
ated with the Cleopatra rootstock. 

CaLcrum.—Boron treatment tended to decrease the accumulation of cal- 
cium in the leaves, while the salt treatment tended to increase slightly the 
calcium concentration. Boron addition to the salt treatment resulted in 
less calcium uptake than salt alone. 

There was a general trend in all treatments for both rootstock and scion 
to influence the accumulation of calcium in the leaves. The concentration 


of caleium tended to be greater in the leaves of both scions on Cleopatra 


rootstock as compared with those on sour orange. Likewise, the concentra- 
tion of calcium tended to be greater in the leaves of the Shary scion on both 
rootstocks than in those of the Valencia scion. However, an interaction 
between treatment and scion and rootstock on accumulation of the calcium 
ion Was not established. 
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PorasstuM.—Only trace amounts of the potassium ion were supplied by 
any of the boron and salt treatments. However, the abundance of potas- 
sium in the soil of the test area provides the possibility of potassium 
accumulation in the plant and an interaction with the applied calcium, 
sodium, and chloride ions. 

Increases in the amount of boron added to the irrigation water were 
associated with increases in the percentage of potassium in the leaves. This 
is in contrast to the observed decrease in calcium accumulation resulting 
from boron treatment. The increase in potassium accumulation induced by 
boron was approximately the same for all scion-rootstocks. 

The leaves of both scions in the control treatment show lower potassium 
associated with the Cieopatra rootstock than with the sour orange. These 
results for these two rootstocks are in agreement with the results of other 
workers (14, 26). 

This same influence of rootstock on potassium accumulation in leaves 
is seen for both scions in the salt treatment. However, in the case of the 
Shary Red scion, the salt treatment resulted in a decrease in potassium 
content of trees on Cleopatra and an increase in that of trees on sour orange. 

Thus, it appears that salinization affects not only the accumulation of 
the ions of the added salts in the leaves but also that of potassium. The 
change in potassium concentration is affected differently by the different 
rootstocks. These variations in accumulation of potassium associated with 
the rootstock-salt interactions are to be expected because of the profound 
influence of both rootstock and salt treatment on the differential accumula- 
tion of the other ions involved, including chloride and calcium. 

MAGNESIUM.—It was previously reported (6) that bronzing of leaves is 
prevalent in trees growing on a saline substrate. Since bronzing is generally 
associated with magnesium deficiency, the leaves in these tests were ana- 
lyzed for magnesium. The data (not presented in table form) indicated no 
influence of either the salt or the boron treatment on magnesium accumula- 
tion in the leaves. There is, however, a pronounced rootstock effect on 
accumulation of magnesium. The average magnesium content of leaves of 
both scions on sour orange was 0.35° of the dried leaves and that of the 
same scions on Cleopatra was 0.18%. These values for magnesium are 
similar to those reported for Texas by Reuruer et al. (24) and the differ- 
ences between rootstocks are similar to those reported by other workers 
(14, 26). There appears to be no evidence of magnesium deficiency in these 
leaves; Shary Red on sour orange rootstock, which showed excessive bronz- 
ing, had more magnesium than other combinations showing less bronzing. 


Discussion 
MECHANISM OF SCION AND ROOTSTOCK EFFECTS 


In the present investigation data have been obtained on the selective 
accumulation of ions by different scion-rootstock combinations. Most in- 


vestigators (2, 19) seem now agreed that the mechanism by which a plant 
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controls the accumulation of ions is founded in the selective permeability 
of protoplasmic membranes. The differential accumulation of ions by the 
two rootstocks would therefore be founded in the selective permeability of 
the protoplasm of the roots. Thus the protoplasmic membranes of the 
absorbing cells of the roots of the sour orange may be more permeable to 
the chloride ion or have a higher retentive capacity for it than the mem- 
branes of the Cleopatra mandarin. 

The accumulation of chloride in the leaves of these test plants appeared 
to be conditioned primarily by the selective absorption of the cells of the 
two rootstocks, the scion having no influence on the amount of accumulation. 
The accumulation of the sodium ion in the leaves, on the other hand, was 
controlled by the scion and not by the rootstock. The reason may be that 


the upward transport of sodium is more completely inhibited by the Va- 
lencia scion than by the Shary Red; or the Shary Red leaf cells may have 


a greater capacity for accumulating sodium than the leaf cells of the Va- 
lencia. However, since sodium is known to accumulate in larger amounts 
in the roots than in leaves, a satisfactory explanation of the scion effect 
cannot be made without root analysis. COoLLANDER (5) showed that plants 
with roots rich in sodium accumulate more sodium in the leaves than plants 
with smaller amounts in the roots. 

In another series of experiments (7) in whieh Shary Red scions on 20 
different rootstock varieties were grown in a saline substrate, there was less 
accumulation of chloride in combinations with the Rangpur lime and Seve- 
rinia buxifolia rootstocks than in those with the Cleopatra mandarin. 
Furthermore, the Shary Red scion on sweet orange or trifoliate orange root- 
stock accumulated more chloride than the same scion on either Cleopatra 
mandarin or sour orange rootstock. This indicates that a wide range in 
chloride accumulation can be induced by the choice of rootstocks. The use 
of different scion-rootstock combinations thus provides a tool for the investi- 
gation of the different processes involved in the accumulation of ions. 


PLANT INJURY IN RELATION TO ION ACCUMULATION 


The severity of salt-induced leaf injury on the four scion-rootstock com- 
binations reported in an earlier publication (6) corresponds to the chloride 
and sodium accumulations in the leaves of these trees. The greater leaf 
necrosis occurring on the Shary Red scions than on the Valencia scions is 
attributed to the greater accumulation of sodium in the leaves of the Shary 
Red scion. The increased necrosis on trees on sour orange ro stocks com- 
pared with trees on Cleopatra mandarin rootstock is attril ted to the 
greater accumulation of the chloride ion in the trees on sour orange root- 
stock. 

Increases in the amount of boron added in the irrigation water resulted 
in increases in the boron and potassium content and decreases in the calcium 
content of the leaves. The rootstock influenced the accumulation of the 
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three ions but the difference due to rootstock was not associated with any 
change in severity of boron toxicity. However, rootstocks had a slight 
influence on the time interval before toxicity symptoms occurred (6). 

Equally high concentrations of boron in the leaves are believed to induce 
more severe toxicity symptoms in Florida and California than in Texas. 
The mildness of the symptoms in Texas may be a result of the high concen- 
trations of potassium associated with the high boron concentrations. SHEAR 
et al. (25) associated boron toxicity in tung with an unbalanced ratio be- 
tween boron and all the major bases—calcium, potassium, and magnesium. 
Low levels of bases in proportion to boron are conducive to boron toxicity 
and high levels of bases are conducive to boron deficiencies. 


Summary 


One year old nursery stock of Valencia orange on Cleopatra mandarin 
rootstock, Valencia orange on sour orange, Shary Red grapefruit on Cleo- 
patra mandarin, and Shary Red grapefruit on sour orange were grown for 
39 weeks under differential salt and boron treatments. 

The scion and rootstock and salt and boron treatments affected the 
accumulation of ions in the leaves as follows: 

Boron.—Increases in the amount of boron added were associated with 
increases in the boron content of leaves of all plants but accumulation was 
greater for trees on Cleopatra mandarin rootstock than for those on sour 
orange. Adding only salt did not influence the boron content of leaves; but, 
at the 6 p.p.m. level of boron supply, salinization resulted in a lower level 
of boron in the leaves. 

CHLORIDE.—The leaves of trees on sour orange rootstock in the plots 
receiving salt accumulated approximately twice as much chloride as the 
trees on Cleopatra rootstock. The uptake of the chloride ion in the trees 
in the boron plots was similar to that of the control. 

SopiumM.—More sodium accumulated in the roots than in the leaves of 
trees in the salt plots. There was a significantly greater accumulation of 
sodium in the leaves of the grapefruit scion on both rootstocks than in those 
on the Valencia scion. 

Catcium.—The salt treatment increased the calcium content of most 
scion-rootstock combinations while the boron treatment tended to decrease 
calcium accumulation. Both scion and rootstock influenced the accumula- 
tion of calcium in leaves, but an interaction between treatment and scion- 
rootstock combination was not established. 

PorassituM.—The concentrations of potassium were inversely related to 
those of calcium. In the controls potassium was higher in scions on sour 
rootstock than in those on Cleopatra. The salt treatment induced an in- 
crease in potassium accumulation of the Shary scion on sour rootstock and 
a decrease in this scion on Cleopatra rootstock. The boron treatment tended 
to increase the potassium accumulation in leaves of all scion-rootstocks. 
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MaGNnesium.—The treatments had no effect on magnesium accumulation 
in the leaves, but the accumulation was greater in the leaves of trees on 
Cleopatra rootstock than on sour orange. 


Certain phases of these studies were carried out under the Research and 
Marketing Act of 1946. Grateful acknowledgment is made to Rio Farms, 
Inc. for grants for furtherance of this work. Credit is due Sam Tayloe and 
Cordell Edwards for assistance rendered under these grants. The writers 
also wish to express appreciation to Dr. H. E. Hayward, Dr. Cecil Wadleigh, 
and L. V. Wileox, of the U. 8. Salinity Laboratory, for advice in outlining 
these experiments and in the preparation of this paper. The advice of Dr. 
David Mason and Dr. J. E. Koch in connection with statistical analysis of 
results is gratefully acknowledged. 

U. S. DeparTMENT oF AGRICULTURE 

Bureau or Prant INpustry, Sos, anp AGRICULTURE ENGINEERING 
Texas AGRICULTURAL EXPERIMENT STATION, SUBSTATION 15 
Wesraco, Texas 


LITERATURE CITED 


ASSOCIATION OF OFFICIAL AGRICULTURAL CHEMISTs. Official and Tenta- 
tive Methods of Analysis. Sixth edition. 1945. 

Bunks, L. R. The relation of bioelectric phenomena to ionic permea- 
bility and to metabolism in large plant cells. Cold Spring Harbor 


Symposia on Quant. Biol. 8: 204-215. 1940. 

Cocuran, W. G. and Cox, G. M. Experimental designs. Chap. 7, 
pp. 218-240. John Wiley and Sons, New York. 1950. 

CoLLANDER, RuNaR. Selective absorption of cations by higher plants. 
Plant Physiol. 16: 691-720. 1941. 

CoLLANpER, Runar. The distribution of different cations between root 
and shoot. Acta Bot. Fennica 29: 1-12. 1941. 

Cooper, WILLIAM C. and Epwarps, CorDELL. Salt and boron tolerance 
of Shary Red grapefruit and Valencia orange on sour orange and 
Cleopatra mandarin rootstocks. Proc. Rio Grande Valley Hort. 
Inst. 4: 58-79. 1950. 

Cooper, WILLIAM C., Gorton, B. 8., and Epwarps, CORDELL. Salt toler- 
ance of various citrus rootstocks. Proce. Rio Grande Valley Hort. 
Inst. 5: 46-52. 1951. 

Eaton, Frank M. Toxicity and accumulations of chloride and sulfate 
salts in plants. Jour. Agr. Res. 64: 357-899. 1942. 

Eaton, FranK M. Deficiency, toxicity, and accumulation of boron in 
plants. Jour. Agr. Res. 69: 237-277. 1944. 

Eaton, Frank M. and Buiarr, G. Y. Accumulation of boron by recipro- 
cally grafted plants. Plant Physiol. 10: 411-422. 1935 

Gavucu, H. G. and Wapteicu, C. H. The influence of saline substrates 
upon the absorption of nutrients by bean plants. Proc. Amer. Soe. 
Hort. Sei. 41: 365-369. 1942. 





COOPER ET AL.: IONIC ACCUMULATION IN CITRUS 203 


Haas, A.R.C. Some nutritional aspects in mottle leaf and other physi- 
ological diseases of citrus. Hilgardia 6: 483-559. 1932. 

Haas, A. R. C. Boron content of citrus trees grown on various root- 
stocks. Soil Sci. 59: 465-479. 1945. 

Haas, A. R. C. Effect of rootstock on the composition of citrus trees 
and fruit. Plant Physiol. 23: 309-330. 1948. 

Hatcuer, J. T. and Witcox, L. V. The colorimetric determination of 
boron with carmine. Anal. Chem. 22: 567-569. 1950. 

Haywarp, H. E., Lone, FE. M., and Unvits, Racueu. Effect of chloride 
and sulfate salts on the growth and development of the Elberta 
peach on Shalil and Lovell rootstocks. U.S.D.A. Tech. Bull. 922. 
1946. 

Ket.ey, W. P. and Brown, 8. M. Boron in soils and irrigation waters 
of Southern California and its relation to citrus and walnut culture. 
Hilgardia 3: 445-458. 1928. 

MIKKELSEN, D. 8., Toru, 8. J., and Prince, A. L. Determination of 
magnesium by thiazol yellow method. Soil Sci. 66: 385-392. 1948. 

OsterHOUT, W. J. V. Some models of protoplasmic surfaces. Cold 
Spring Harbor Symposia on Quant. Biol. 8: 51-62. 1940. 

{EED, H. 8. and Haas, A. R. C. Nutrient and toxic effects of certain 
ions on citrus and walnuts with special] reference to the concentra- 
tion and pH of the medium. Calif. Agr. Exp. Sta. Tech. Paper 17: 
1-75. 1924. 

Reep, H. 8. and Haas, A. R.C. Studies on the effects of sodium, potas- 
sium and caleium on young orange trees. Calif. Agr. Exp. Sta. 
Tech. Paper 11: 1-23. 1923. 

Ricuarps, L. A., Editor. Diagnosis and improvement of saline and al- 
kali soils. U. 8. Regional Salinity Laboratory. Multilithed. 
1947. 

Roy, W. R. Studies of boron deficiency in grapefruit. Proc. Fla. State 
Hort. Soc. 56: 38-43. 1943. 

REUTHER, WALTER, SMITH, P. F., and Specut, A. W. A comparison of 
the mineral composition of Valencia orange leaves from the major 
producing areas of the United States. Proc. Fla. State Hort. Soc. 
62: 38-54. 1949. 

Suear, C. B., Crane, H. L., and Myers, A. T. Nutrient-element bal- 
ance: a fundamental concept in plant nutrition. Proc. Am. Soc. 
Hort. Sci. 47: 239-248. 1946. 

SmitH, Paci F., RevrHer, W., and Specut, A. W. The influence of 
rootstock on the mineral composition of Valencia orange leaves. 
Plant Physiol. 24: 455-461. 1949. 











BRIEF PAPERS 
IRON-CONTAINING FRIT AS A NUTRICULTURE MEDIUM 


4 «+ 


W. H. Kuein ano G. F. WARREN 


Received November 27, 1950 


A problem involved in gravel culture of plants is the maintenance of 
sufficient soluble iron in the nutrient solution. At high pH values iron tends 
to precipitate out of solution as ferric hydroxide and at low pH values iron 
precipitates as ferric phosphate (1). An iron-containing glass material, a 
frit, has been developed to combat this problem. This frit contains 5.2% 
iron calculated as Fe.O; and is approximately of pea size. 

An experiment was devised to test the usefulness of frit as a substrate 
for plants in comparison to quartz gravel of a similar size. Two-gallon 
crocks were filled with either quartz gravel or frit and three seedlings of 
Lincoln soybean transplanted to each container. Four containers were 
given each of the treatments shown in table I, and each set of four con- 


TABLE I 


DRY WEIGHT IN GRAMS OF SOYBEAN PLANTS GROWN FOR EIGHT WEEKS 
IN FRIT AND IN QUARTZ GRAVEL. 


Frit Gravel 








13.2 13.9* 
12.1 10.1** 
12.6* 








*2 p.p.m. iron added as FeSO,. 
** Significantly different at the 1% level. 


tainers received the same nutrient solution from a common reservoir. The 
plants were subirrigated three time daily by means of a small air pump 
furnishing pressure to force the solution from the reservior into the crocks. 
The plants grown on quartz gravel were considered to be the controls in each 
comparison within treatments. 

The pH of the nutrient solutions was checked twice weekly with a glass 
electrode apparatus, and any appreciable shifts in pH were adjusted by 
additions of concentrated sulphuric acid or sodium hydroxide as needed. 
New solutions were supplied weekly. The concentrations in milliequiva- 
lents per liter of the major ions were: K, 10; Ca, 9; Mg, 4; NOs, 5; H2PO,, 
1; and SQ4, 17. The following parts per million of minor elements were also 
added: B, 0.5; Cu, 0.02; Zn, 0.05; Mo, 0.01; and Mn, 1.0. 

The results, presented in table I, show that at pH 5.5 the soybeans grew 
just as well in frit without added iron as in quartz gravel with a complete 
nutrient solution. At pH 7.0 when no iron was added, growth in the frit 
was much superior to growth in the quartz gravel. The plants in gravel at 
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pH 7.0 without added iron showed severe chlorosis and stunting. On the 
other hand, where iron was added to both the frit and gravel at pH 7.0 
there was no difference in growth. In fact, in the frit without added iron, 
growth was just as good as in the frit with iron. This indicates that the 
frit furnished sufficient iron to these plants. 


DrPARTMENT OF HorticULTURE 
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INFLUENCE OF THE GREEN MESOPHYLL 
IN STOMATAL MOVEMENT 


Pavuztro ps T. Atvim 
(WITH TWO FIGURES) 


Received April 16, 1951 


The decrease in acidity of the guard cells as a response to light has been 
explained as a consequence of CO, removal by photosynthesis (5, 6, 8, 9). 
It is apparently due to this decrease in acidity that the equilibrium position 
of the reaction starch = sugar in the guard cells shifts towards the side of 
sugar (2), increasing the osmotie concentration of these cells and therefore 
causing the absorption of water and the increase in turgor that induces sto- 
matal opening. KUMMLER (4) and Scartu (8), working with leaves of 
variegated geranium and other plants, found that in the white parts, where 
the mesophyll does not have chlorophyll, the opening of the stomata was 
apparently slower and less wide than in the green parts. ScartH (8) in- 
terpreted these observations as an indication that the photosynthetic activity 
of the mesophyll is the main cause responsible for the decrease in acidity 
of the guard cell. As a result of Sayre’s theory (7) that the green plastids 
of the guard cells are not true chloroplasts, ¢.e., plastids that are able to 
carry on photosynthesis, the theory has been advanced that only the photo- 
synthetic activity of the mesophyll is involved in the mechanism of light 
induced stomatal opening (5, 9). 

ALvim (1) demonstrated that the green plastids of the guard cells are 
capable of carrying on photosynthesis. If CO, removal by photosynthesis 
is involved in the mechanism of stomatal movement the guard cell chloro- 
plasts should play a part in the mechanism. The present study was con- 
dueted to compare the stomatal movement of green leaves with that of 
leaves devoid of chlorophyll in the mesophyll, thus evaluating the relative 
importance of the green mesophyll in the mechanism of stomatal movement. 

The plant used in this study was the common cultivated variety of 
variegated geranium with white margins in the leaves. It is possible to find 
in this plant some leaves that are entirely white or cream in color with no 
green mesophyll whatsoever, as well as entirely green leaves with no white 
areas on them. Only these leaves (both young and mature) were used in 


this study. Careful observations under a microscope showed no chloro- 


plasts in the mesophyll of the white leaves. Chloroplasts were observed in 
the guard cells and also in the common epidermal cells of both green and 
white leaves. They were smaller in size and fewer in number in the common 
epidermal cells. The geranium is apparently one of the few higher plants 
that have chloroplasts in the common epidermal cells. 

The method used to study stomatal opening was the rapid weighing 
method, as described in a previous paper (2). Briefly, this method consists 
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in weighing a detached leaf with its petiole inserted in a small vial of water 
under a light intensity of 20,000 lux, after the plant had been kept in dark- 
ness from three to six hours to insure complete stomatal closure. The de- 
tached leaf with closed stomata is first weighed for three to six minutes with 
the light turned off, thus obtaining the value of its cuticular transpiration 
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Fig. 1 (above). Light-induced stomatal opening of green geranium leaves. 


Fic. 2 (below). Light-induced stomatal opening of white geranium leaves. 


in darkness. The light is then turned on and successive weighings made at 
intervals of three minutes. As the stomata open, the amount of water tran- 
spired in each interval increases progressively until it attains a fairly con- 
stant value which corresponds to the maximum stomatal opening. 

Figures 1 and 2 summarize the type of results obtained respectively with 
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green and white leaves, both mature and young ones. It is clear from these 
results that, in the case of mature leaves, no apparent difference existed 
between the white and the green leaves in regard to the stomatal response 
to light. The five leaves used initiated the opening movement in six to nine 
minutes and completed the opening 90 to 102 minutes after the light was 
turned on. The maximum transpiration rates per unit area per minute were 
respectively 15.07, 15.0, and 15.5 mg./dm.?/min. for the green leaves A, B, 
and C (fig. 1), and 14.0 and 13.7 mg./dm.*/min. for the white leaves A and 
B (fig. 2). 

The results obtained with young leaves showed a difference between the 
white and the green ones. The young green leaf (fig. 1,D) behaved in the 
same way as the mature leaves, except that the maximum transpiration rate 
attained was lower (11.4 mg./dm.*/min.). The young white leaves required 
60 to 70 minutes of exposure to light to initiate the opening movement, 
although the maximum stomatal opening was attained in the same time as 
in the other leaves. The maximum transpiration rates were respectively 
12.8 and 10.8 mg./dm.*/min. for the young white leaves C and D (fig. 2). 

It is concluded from these results that at least in the case of mature 
geranium leaves, the green mesophyll apparently does not play any impor- 
tant part in the mechanism of the reaction of stomata to light. In the case 
of young, not~fully expanded leaves, the green mesophyll seems to have 
some effect on the mechanism of the reaction. This effect, however, seems 
to be of minor importance, as it affects only the time required to initiate the 
opening movement, but not, apparently, the degree of opening. 

Kipp, West, and Briccs (3) found that young leaves in general respire 
three to four times more intensively than mature ones. Perhaps the slow- 
ness with which the stomata of the young white geranium leaves responded 
to light might be a consequence of the higher acidity of the guard cells 
resulting from the higher COs concentration. In the young green leaves the 
photosynthetic activity of the mesophyll would tend to counterbalance the 
higher acidity by speeding up the consumption of COs, thus allowing a 
quicker response to light. 

Inasmuch as the green mesophyll does not seem to play an important 
part in the mechanism of the light induced stomatal opening, the increase 
in acidity of the guard cell as a response to light (8) seems to be caused by 
the photosynthetic activity of these cells themselves (reinforced, perhaps, 
in the special case of the geranium, by photosynthesis in the common epi- 
dermal cells). It is recognized, however, that the theory attributing the 


shift in acidity to photosynthesis, needs more supporting evidence. 


The author wishes to express his appreciation to Dr. Daniel G. Clark of 
Cornell University, for having suggested this problem. 
INTER-AMERICAN INSTITUTE OF AGRICULTURAL SCIENCES 
Turriatsa, Costa Rica 





BRIEF PAPERS 
LITERATURE CITED 

Atvim, P. pe T. A atividad e fotossintética das células guardas. Lilloa 
19: 5-10. 1949. 

ALVIM, P. pbE T. Studies on the mechanism of stomatal behavior. Amer. 
Jour. Bot. 36: 781-791. 1949. 

Kipp, F., West, C., and Brices, C. E. A quantitative analysis of the 
growth of Helianthus annuus. I. The respiration of the plant and 
its parts throughout the life cycle. Proc. Roy. Soc., B. 92: 368- 
384. 1921. 

KiimMter, A. Uber die funktion der Spaltéffnungen weissbunter Blatter. 
Jahrb. Wiss. Bot. 61: 610-669. 1922. 

Meyer, B. 8. and Anperson, D. B. Plant Physiology. D. Van Nostrand 
Co., N. Y. 1939. 

Miter, E. C. Plant Physiology. 2nd ed. MeGraw-Hill Book Co., 
N. Y¥. 1938. 


. Sayre, J. D. Physiology of stomata of Rumex patientia. Ohio Jour. 
Sci. 26: 233-266. 1926. 

Scartu, G. W. Mechanism of the action of light and other factors on 
stomatal movement. Plant Physiol. 7: 481-504. 1932. 

Tuomas, M. Plant Physiology. 2nd ed. Churchill, London. 1940. 








ALBINISM INDUCED BY SUBSTITUTED BENZOIC ACIDS 


DD. Reaar, © ke MINARIK D BRADBURY, 
H. E. THompson ano J. I Ow1ncs, Jr. 


(WITH ONE FIGURE) 


teceived June 25, 1951 


Herbicidal screening tests of a large number of substituted benzoic acids 
have brought to light a small group of compounds capable of inducing 
temporary albinism in plants. 

Aqueous solutions containing 5 mg. of chemical per 50 ml. were applied 
to two pounds of soil in which six seedling oat plants (var. Clinton), four 
to five inches tall, were growing. Three days later the newly emerging 
leaves exhibited areas that appeared to be devoid of pigments (fig. 1 A). 
Other areas distal and proximal to the white areas were yellow in color. 
Generally only two new leaves were affected, the third and subsequent new 
leaves were normal in color. Occasionally alternating green and white areas 
occurred in a single leaf (fig. 1 B). 

In general only immature tissues were affected. Applications of aqueous 
or alcoholic solutions of the substituted benzoie acid as injections, droplets 
or sprays to mature oat or bean leaves failed to aiter the color of the treated 
leaves or of any other portion of the plants. This indicates that the com- 
pound may be incapable of destroying the plastid pigments in mature tissues 
and suggests that the probable mechanism of action may be inhibition of 
pigment formation. Microscopic examination of white tissues indicated 
that the smaller-than-normal plastids were devoid of pigments. 


‘agp ~ 


Fic. 1. Response of oat plants to soil application of 3-nitro-4-hydroxybenzoic acid. 


A, left, untreated; right, treated plants with albino leaves. B, left, oat leaf showing 
alternating green and albino regions; right, untreated leaf 
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The response appears to be reversible since normal color is restored in 
approximately two weeks following treatment. The yellow portions are the 
first to become green but recovery does not always occur in the white por- 
tions. In many cases the albino areas wither and die. 

The first compound examined that displayed ability to induce albinism 
was 3-nitro-4-hydroxybenzoic acid. Later the disubstituted 3-nitro-4- 
methoxy-, 3-nitro-4-ethoxy-, and the 3-nitro-4-acetoxybenzoic acids were 
also found to be effective, but the monosubstituted 3-nitro-, 4-methoxy-, 
4-ethoxy-, 4-acetoxy-, and 4-hydroxybenzoic acids were found to be ineffec- 
tive. These findings emphasize that both the meta nitro grouping and the 
para oxygen-containing substituent are necessary to induce the response. 

The action of these benzoic acids appears to be similar to that of 
3-(alpha-imino-ethy])-5-methyl tetronic acid as reported by HAMNER and 
Tukey (1). Although these investigators have suggested that the tetronic 
acid derivative might find use as a herbicide, the benzoic acid derivatives, 
on the other hand, have not been thoroughly investigated for this purpose. 
However, crabgrass, henbit, and several other weeds commonly found in 
greenhouse potting soil were susceptible to the benzoic acids. 

The diversity of the chemical structures of these two types of unrelated 
compounds, both of which are capable of inducing this striking albinism, is 
worthy of attention. 


H 


HOC—C-CH HO 
i so" a DCoon 
CH,—C—C—C NO, 
I ] 
NH O 


3-(alpha-imino-ethy]) 5- 
methyl tetronic acid 
(enol form) 


3-nitro-4-hydroxybenzoic acid 


The end result of their action is the production of tissues devoid of 
plastid pigments, but the manner in which this is brought about may or 
may not be similar. 


The assistance of Mr. A. V. Mattie in conducting these investigations is 
gratefully acknowledged. 
Brorocicar LaBporatories, CHEMICAL Corps 
Camp Derrick, FreperrcK, MARYLAND 
LITERATURE CITED 
Hamner, C. L. and Tuxey, H. B. Chlorophyll inhibition and herbicidal 


action of 3-(alpha-imino-ethyl) 5-methyl tetronie acid. Bot. Gaz. 


112: 525-528. 1951. 








THE HILL REACTION: DEVELOPMENT OF CHLOROPLAST 
ACTIVITY DURING GREENING OF ETIOLATED 
BARLEY LEAVES 


Jauus 3. C. , C. S. Frencuw annp VIoOLet M. KoskI1 
Received July 13, 1951 


The objectives of the experiments reported here were twofold: 1. to meas- 
ure the ability of chloroplast material, formed in etiolated barley seedlings 
during different periods of illumination, to carry out the Hill reaction; and 
2. to compare this ability with the quantity of chlorophy!] formed. Refer- 
ence to these experiments has been made elsewhere (3). 

Barley seeds were germinated and the seedlings grown in complete dark- 
ness for seven days. The seedlings were then exposed to light from six 15- 
watt fluorescent lamps for various periods of time at 17 to 18° C. The leaf 
material was harvested (40 gm. fresh weight), cut into short lengths, sus- 
pended in 150 ml. of 0.5 molar sucrose solution, and comminuted by means 
of a Waring Blendor. The slurry was placed on a closely woven cloth and 
as much as possible of the suspension containing free chloroplasts was 
squeezed through the cloth. The chloroplast suspension was divided into 
four 35-ml. portions, placed in plastic cups, and centrifuged. The sediment 
from the four cups was collected and suspended in 5 ml. of 0.5 molar sucrose 
solution. The cups were washed with 0.5 ml. of the sucrose solution and the 
total volume of the solution brought to 6 ml. 

The activities of the suspensions of chloroplast material, obtained from 
leaves illuminated for various periods of time, were determined photo- 
metrically in the manner usually used in this laboratory (2). The rate of 
reduction of 2,6-dichlorobenzenone-indophenol was followed for each sample 
and the first order reaction velocity constant was calculated. This velocity 
constant when divided by the volume of the chloroplast material used for 
the measurement yielded a number proportional to the activity. 

The chlorophyll content of the chloroplast material was determined as 
follows: A portion of the chloroplast suspension (2.0 ml.) was treated with 
10 ml. of acetone. After the pigment had diffused out of the plant material, 
the solid residue was removed by centrifugation. The acetone supernatant 
was diluted as required for spectrophotometric measurements with a Beck- 
man spectrophotometer. 

The experimental values obtained are set forth in table I. The values 
of log 1/T at 652 mu are proportional to the total chlorophyll content be- 
cause at this wave length acetone solutions of chlorophylls a and b have the 
same absorption coefficients as interpolated from the measurements by Mac- 
KINNEY (1). A slight activity is found in the plastid material of etiolated 
plants. The activity and the chlorophyll content of the chloroplast mate- 
rial increase with longer periods of illumination up to about 50.5 hours and 
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TABLE I 


CHLOROPLAST ACTIVITY IN THE HILL REACTION COMPARED WITH CHLOROPHYLL 
CONTENT DEVELOPED DURING GREENING OF BARLEY SEEDLINGS. 





First-order Volume of | log i Ratio of relative 

Hours of velocity chloroplast * ~ x’ ceneeuiiaiien activity to rela- 

greening constant suspension y at of chlorophyll tive chlorophyll 
K V 


652 mu content 


Relative 





ml. 


0.006 oe = 

0.074 0.0485 
0.392 0.0650 
2.54 0.0538 
8.00 0.0480 
7.20 0.0395 


0.0510 
+ 0.0042 





then decrease to 74.5 hours—the decrease probably being due to sampling 
errors. Although the relative activity and! relative chlorophyll content 
change a 100-fold the quotient of the two remains comparatively constant, 
the probable error of the mean being about 8%. From these results it may 
be concluded that the activity of chloroplast material in the Hill reaction 
is closely related to and is developed concurrently with the chlorophyll con- 


tent when etiolated leaves are greened. 


DEPARTMENT OF PLANT BioLocy 
CARNEGIE INSTITUTION OF WASHINGTON 
STANFORD, CALIFORNIA 


LITERATURE CITED 
Mackinney, G. Absorption of light by chlorophyll solutions. Jour. 
Biol. Chem. 140: 315-322. 1941. 
Miner, H. W., Frencu, C. S., Koenic, M. L. G., and Lawrence, N. §. 
Measurement and stabilization of activity of chloroplast material. 
Arch. Biochem. 28: 193-200. 1950. 


SmitH, JAMEs H. C. The relationship of plant pigments to photosyn- 
thesis. Jour. Chem. Ed. 26: 631-638. 1949. 











NOTES 


Charles Reid Barnes Honorary Life Member.—The 1951 Charles Reid 
Barnes Honorary Life Membership of the American Society of Plant Physi- 
ologists was awarded to Dr. William H. Chandler in recognition of his valu- 
able contributions to plant physiology and his long service in the application 
of the science in agriculture. His investigations include work with freezing 
injury and the effects of varying temperatures on plant tissues; extensive 
studies of pruning; the study of little-leaf or rosette of fruit trees, which he 
found to be a zine deficiency; and work on the chilling requirements of dor- 
mant buds. William H. Chandler was born in Butler, Missouri in 1878 and 
was raised on a farm with seven brothers and sisters. He taught in high 
school for a short time before completing his higher education and received 
the bachelorate in agriculture from the University of Missouri in 1905 al- 
though his family desired that he enter the ministry. He received the mas- 
ter of science degree from the University of Missouri in 1906 and the doc- 
torate in 1914. At Missouri he was an assistant in horticulture, 1905 to 
1907; instructor, 1907 to 1910; and assistant professor, 1910 to 1913. He 
then went to Cornell University as Professor of pomology, 1913 to 1923. 
During the last few years at Cornell he was also director of research. In 1923 
he went to the University of California as Professor of horticulture and was 
located at Berkeley. In 1938 he became Assistant Dean of the College of 
Agriculture,in the University of California at Los Angeles. He retired in 
1948. Dr. Chandler traveled in Central America, Trinidad, and the West 
Indies gaining much first-hand experience with subtropical fruits in prepara- 
tion for his book, Evergreen Orchards, published in 1950. During his re- 
tirement he has also revised his book, Deciduous Orchards, first published 
in 1942. He has continued work on the selection of apples for subtropical 
climates and has developed the Beverly Hills apple which has a low chilling 
requirement and has been very successful in the coastal areas of Southern 
California and in Palestine. 


Retirement of Dr. Max A. McCall.— After serving 36 years in the fed- 
eral service, Dr. Max McCall, assistant chief of the Bureau of Plant Indus- 
try, Soils, and Agricultural Engineering, has requested a voluntary retire- 
ment. In 1950, he was awarded the USDA’s Distinguished Service Award 
for “ distinguished service to American agriculture through the planning and 
execution of outstanding research programs, establishing high standards of 
research, and inspiring a high degree of excellency among agricultural re- 
search scientists.” Dr. McCall, for many years, served as a member of the 
Editorial Board of PLANT Puystotocy. The A.S.P.P. expresses thanks for 


his very helpful services and conveys its good wishes on the occasion of his 
retirement. 
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Williams O. Williams—The American Society of Plant Physiologists 
records with sorrow the passing of one of its members, Williams Oscar Wil- 
liams, Assistant Viticulturist at the University of California, Davis, Cali- 
fornia, since 1946. Dr. Williams received his B.S. degree from California 
in 1931 and his Ph.D. degree in plant physiology in 1940. Dr, Williams met 
with a fatal accident while on a fishing trip September 30, 1951, at the age 
of 45. 





American Society of Plant Physiologists, Annual Meeting, 1951— 
The Executive Committee announced that the Society would meet with the 
A.I.B.S. in 1954. The Society will also cosponsor a symposia under Section 
G of the A.A.A.S. with the local sections assuming the responsibility at the 
various meeting places. 

B. S. Meyer was made chairman of a committee appointed by the Presi- 
dent to study problems of the interrelations of the American Society of 
Plant Physiologists and the Physiological Section of the Botanical Society 
of America. F. C. Steward was appointed a member of the Program Com- 
mittee for the meetings in 1952. 

The Executive Committee approved the proposal to amend the Constitu- 
tion to read: “ Article IX, Section 1. There shall be four standing commit- 
tees, an executive committee, a program committee, a board of trustees, and 
an editorial board for the official Journal of the Society.” “ Article IX, Sec- 
tion 4. The board of trustees shall consist of three members appointed by 
the Executive Committee, one each year for a term of three years one of 
whom shall be designated as chairman of the Board; the executive secre- 
tary-treasurer shall be ex officio, a consultative member of the board of 
trustees.” ,This recommendation will be presented to the entire membership 
in 1952 for vote by mail ballot. The Conimittee also ratified the proposal 
that a Washington, D. C. section of the Society be established. 

Dr. W. H. Chandler was honored with the Charles Reid Barnes Life 
Membership award. Drs. Leo Brauner, Kar] Hofler, Bruno Huber, Wilhelm 
Ruhland, and Walter Stiles were honored through election to corresponding 
membership in the Society. 

The Executive Secretary-Treasurer reported that the Society is in sound 
financial condition and has had a steady gain in membership. He pointed 
out the role of sales of back issues in maintaining the financial status of the 
Society and urged the members to notify him when volumes of back issues 
become available. 

The report of the Editor-in-Chief of PLanr PHysioLocy indicated that 
117 manuscripts had been received by the Journal during the past year and 
81 were published. The change in printers during the past year resulted in 
a saving of 9% in printing costs for the Journal. 
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Annual Report of the Executive Secretary-Treasurer of the American 
Society of Plant Physiologists for 1950—-1951.—The report by Dr. J. Fisher 
Stanfield on the present financial status of the A.S.P.P. indicates that the 
Society is in sound condition. The favorable condition of the Society’s af- 
fairs reflects the continuous active support given by its members. 

Gains during the fiscal year 1950-1951 have been appreciable. 

Membership: Active members, July 1, 1950, 885; July 1, 1951, 941, for 
a net gain of 56 members for the year. These members include: 28 Life 
Members, 12 Corresponding Members, 9 Institutional Members, 20 Cana- 
dian Members, 807 U. S. Members, and 69 Foreign Members. 

Subscriptions: Volume 25 in U. S., 351; Foreign, 488; Total for Volume 
25, 839. Volume 26 in U. S., 262; Foreign, 522; Total for Volume 26, 885, 
representing a net gain of 46 subscribers during the year. The number of 
paid copies of PLant PuysioLocy mailed to regular members and subscribers 
for July 1951 totaled 1826. 


Sumary of Cash Accounts: 
Checking Account, July 1, 1950 $ 7,479.41 
Savings Account, July 1, 1950 


Cash Balance, July 1, 1950 $13,479.41 
Receipts, 1950-1951 20,663.13 
Total Cash, 1950-1951 $34,142.54 
Expenditures, 1950-1951 


Cash Balance, July 1, 1951 $13,921.86 
Cash Balance, July 1, 1950 ; 13,479.41 


Excess Receipts over Disbursements, ‘ 442.45 


Summary of Assets: 
Checking - Account Pie ae ee 
Savings Account 6,000.00 
Barnes Endowment Fund eee 4,000.00 
Hales Endowment Fund on 2,500.00 
General Endowment Fund 


Total Assets of Society, July 1, 1951 $35,121.86 


Increases during the last seven years are striking. Society membership 
has grown from 592 to 941; subscriptions from 499 to 885; total assets of 
the Society from $17,000 to $35,000; annual receipts from $8,000 to $19,000; 
expenditures from $7,000 to $17,000; general operation funds from $6,000 to 
$12,000. Few, if any, professional organizations comparable to the A.S.P.P. 


have enjoyed a similar growth and commensurate financial improvement in 


so short a time. To insure the continued growth of the Society, members 
are asked to send to the Executive Secretary-Treasurer, at any time, the 
names and addresses of persons interested in and eligible for membership. 
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Photesynthesis and Related Processes, Volume II, Part 1—Evcene I. 
RaBINowITcH. Interscience Publishers, Inc., 250 Fifth Avenue, New York 
1, New York. 606 pages, 1951. $15.00. 

The first volume of this work was published in 1945. The second volume 
which was to appear then has been revised and expanded, necessitating its 
appearance in two half-volumes of which this publication is the first. One 
part dealing with the spectroscopy and fluorescence of photosynthetic pig- 
ments consists of the following units: Absorption spectra of pigments in 
vitro; Light absorption by pigments in the living cell; Fluorescence of pig- 
ments in vitro; Fluorescence of pigments in vivo. A second part deals with 


the kinetics of photosynthesis under the following headings; Methods of 
kinetic measurements; External and internal factors in photosynthesis; 
Concentration factors; The light factor-intensity; The light factor-maxi- 
mum quantum yield of photosynthesis; The light factor-photosynthesis and 


light quality, role of accessory pigments. 


Annual Review of Plant Physiology, Volume IID. I. Arnon, Editor. 
Annual Reviews Incorporated, Stanford, California. 361 pages, 1951. $6.00. 

The reviews appearing in this volume are: Mechanism of Absorption and 
Transport of Inorganic Nutrients in Plants, R. N. Robertson; The Role of 
the Mineral Elements in Plant Nutrition, E. J. Hewitt; A Critical Survey 
of the Physical Background of Photosynthesis, J. Franck; The Kinetics and 
Chemistry of Photosynthesis, H. Gaffron and E. W. Fager; Biosynthesis of 
Chlorophyll and Related Pigments, 8. Granick; Respiration (The Pasteur 
Effect in Plants), J. S. Turner; Formation, Occurrence, and Inactivation of 
Growth Substances, P. Larsen; Herbicides and Selective Phytotoxicity; G. E. 
Blackman, W.G. Templeman and D. J. Halliday; Nutritional Requirements 
of Isolated Plant Tissues and Organs, P. R. White; Frost, Drought, and 
Heat Resistance, J. Levitt; Experimental Morphogenesis in Vascular Plants, 
R. H. Wetmore and C. W. Wardlaw; Gas Damage to Plants, M. D. Thomas; 
Permeability, H. B. Steinbach. 


Physiology of the Fungi—V. G. Litiy and H. L. Barnerr. MecGraw- 
Hill Book Company, 330 West 42nd Street, New York 18, New York. 464 
pages. $7.50. 

This textbook is designed for advanced students with some knowledge 
of the morphology of fungi and of organic chemistry who are interested in 
the broad aspects of the physiology of the fungi, their growth requirements, 
and activities. It will be useful also as a reference book for investigators in 
the field. 

The chapter headings include: Culture Media; Growth; Enzymes and 
Enzyme Action; Essential Metallie Elements; The Essential Nonmetallic 
Elements Other than Carbon; Carbon Sources and Carbon Utilization; Hy- 
drogen-ion Concentration; Vitamins and Growth Factors; Fungi as Test 
Organisms; Metabolic Products; Factors Influencing Sporulation of Fungi; 
Spore Discharge and Dissemination; Spore Germination; The Physiology of 
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Parasitism and Resistance; Physiological Variation and Inheritance of 
Physiological Characters. 

Twelve laboratory exercises, based on the authors’ experience in conduct- 
ing laboratory work, illustrating principles of fungus physiology are de- 
scribed in detail. A subject and author index is included in the text. 


The Polarographic Method of Analysis—Orro H. MULLER. Second 
Edition. Chemical Education Publishing Company. Easton, Pennsylvania. 
209 pages, 1951. 

This edition has been enlarged by the addition of new material and the 
expansion of certain chapters. Sections on kinetic and catalytic currents 
have been added to the chapter dealing with the fundamentals of qualita- 
tive analysis, and reactions in poorly buffered solutions are given considera- 
tion in the chapter on the fundamentals of qualitative analysis. <A brief 
description of some recent developments such as differential, derivative, and 
oscillographie polarography is included; and the discussion of the applica- 
tions of polarography has been enlarged. A chapter on suggestions for prac- 
tical polarography has been added which describes the characterization and 
selection of capillaries for the dropping mereury electrode. As before, di- 
rections are given for typical experiments which illustrate the points under 
discussion. This edition contains an index 


Ion Exchange Resins—R. Kunin and R. J. Myers. John Wiley and 
Sons, Inc., 440 Fourth Avenue, New York 16, New York. 212 pages, 1950. 
$4.75. 

The increasing applications of ion exchange in biological research and in 
industry have occasioned this book which correlates the widely scattered 
literature on ion exchange and ion exchange resins. It describes the theory 
and mechanism of ion exchange, the characteristics of ion exchange resins, 
and the methods of their use in the laboratory and in industry. <A bibliog- 
raphy listing 615 references, an appendix of tables, and author and subject 
indices complete the volume 


Trace Elements in Plant Physiology —Chronica Botaniea Company. 
Waltham, Massachusetts. 144 pages, 1950. $4.50 

This volume consists of the contributions to the symposium on trace ele- 
ments organized by the International Union of Biological Sciences and held 
at the Rothamsted Experimental Station in 1947. The papers deal with 
methods used in the diagnosis of the mineral status of plants, the importance 
of trace elements in the nutrition of higher plants and microérganisms, and 
trace element problems in crops occurring in European countries. 


Manual of Phycology.—G. M. Smiru, Editor. Chronica Botanica Com- 
pany, Waltham, Massachusetts. 375 pages, 1951. $7.50. 


This publication on algae is a companion volume to the Manual of Bry- 
ology and the Manual of Pteridology. It consists of 19 articles by 18 differ- 
ent specialists dealing with the major groups and general biology of the al- 
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gae. The chapters of special interest to physiologists are: Euglenophyta by 
T. L. Jahn; Sexuality of Algae by G. M. Smith; The Pigments of Algae by 
H. H. Strain; Physiology and Biochemistry of Algae by E. G. Pringsheim. 
Most of the contributions were submitted in 1948 and consequently the more 
recent physiological information is not included. Much of the significant 
literature of phyeology has been listed in useful bibliographies and evaluated 
in the text. The book fills a long felt need for a reference volume in a ra- 
pidly developing area of microbiology. 


The Chemistry and Technology of Food and Food Products. Volumes 
I and II.—Morris B. Jacors, Editor. Second Edition. Interscience Pub- 
lishers, Inc., 250 Fifth Avenue, New York 1, New York. 1769 pages, 1951. 
$12.00 and $15.00. 

The collaborators and the editor of this comprehensive work on foods and 
food technology have revised all of the chapters to include the information 
obtained in the seven years following the appearance of the first edition. 
New chapters have been added and this edition consists of three volumes. 
The first volume deals with the aspects of food chemistry which are common 
to all foods, unit operations and processes appreciable to most foods, and the 
maintenance of sanitary and quality control. The second volume considers 
the descriptive aspects of particular food groups with an account of their 
history, statistics, definitions, standards, composition and chemistry. Each 
volume contains an abridged index. 





Ruth M. Addoms.—Dr. Ruth M. Addoms, Professor of Botany in Duke 
University, died of a heart ailment on August 29, 1951, at the age of 55. 
She received the A.B. and A.M. degrees from Wellesley College and the 
Ph.D. degree from the University of Wisconsin. Dr. Addoms came to Duke 
University in 1980 and played an active part in the development of the 


Department of Botany and the Woman's College. She was also very active 


in civic affairs. Dr. Addoms was an inspiring teacher and actively inter- 
ested in research in anatomy and physiology. She was a charter member 
of the American Society of Plant Physiologists and belonged to many other 
scientific and learned societies —PavL J. KRAMER. 














PREPARATION OF MANUSCRIPTS FOR PUBLICATION 
IN PLANT PHYSIOLOGY 


The following suggestions are made to authors writing papers for this journal 
in order to minimize revisions and editorial corrections. Though many points 
may appear arbitrary or trivial, attention to details is necessary to secure uni- 
formity of format and style. The membership dues and subscription fees go al- 
most entirely to publication costs, as all of our editors give their services without 
financial recompense. Hence the cooperation of authors in preparation of manu- 
scripts minimizes expense and permits greater liberality as to length and number 
of papers published. Authors will find the following concise publications useful 
in preparation of manuscript copy: A. J. Riker, The Preparation of Manuscripts 
for Phytopathology. PHYTOPATHOLOGY XXXVI, pages 953-977, 1946; and 
S. F. Trelease, The Scientific Paper: How to Prepare It. Second Edition. Wil- 
liams and Wilkins Company, Baltimore, Maryland, 1951. 

1. Length. The allowable length of papers is 20 printed pages, with tables, 
figures, formulae, and equations not to exceed 25% of the total. Authors will be 
billed at cost for overrun and excess of figures and tables. 


2. Format. In the preparation of typescripts, authors are requested to ex- 
amine a printed copy of the journal of PLANT PHYSIOLOGY to note the posi- 
tion of headings, general organization, punctuation, abbreviations, and the meth- 
ods of citing literature particularly, in order to bring the script into conformity 
with the general style of the journal. Leave a three inch margin at the top of the 
first page, liberal side margins, and double spacing of lines to permit proofmark- 


ing and required editorial changes. 

3. Headings. Leave all headings unscored and scientific names without 
underlining, as the editors will proofmark these items in accordance with the 
practice of the journal. Generic names used alone are usually capitalized but 
not italicized. In general, do not underscore any lines. 

4. Footnotes. Avoid footnotes as far as possible by placing such items under 
acknowledgments or at end of summary. When footnotes are used, they should 
be numbered with Arabie numerals. 

5. Figures. Copy for figures (photographs and drawings) should not ex- 
ceed 8$ x 11 inches. Retain original drawings as a safeguard against loss. If 
the figures submitted are larger than 8} x 11, they will be photographed at this 
office and the author will be billed for the same. Author’s name and figure num- 
ber must be written on the back of copy for each figure. Do not put legends into 
or on the figure, either front or back. Type all legends double spaced, properly 
numbered to correspond to the figures, on a separate sheet of your manuscript. 
Graphs and drawings should be inked with fairly heavy lines and with lettering 
of approximately uniform size to insure clarity of printed figures after reduction. 
Photographie prints should be submitted on gloss-finish paper. Limit copy to de- 
sired visual details, trim off irrelevant foreground and minimize blank space, as 
charges for cuts are based on area. Unless otherwise directed, the editor will 
proofmark copy to determine actual size of printed figures. Old cuts will be sent 
to authors after printing for cost of postage if printer is so directed when galley 
proof is submitted. 
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6. Tables. Place each table on a separate page; do not crowd too much 
material into a single table. Note size of printed page (width and length, 45 x 74 
inches) and gauge tables accordingly, leaving ample space in margins and in 
the interior for editorial marks. If at all possible, arrange tabular data hori- 
zontally on the page in order to obviate tilting of printed table. Use horizontal 
lines (rules) at top and bottom, but omit or employ such rules sparingly in in- 
terior of tables. Use vertical rules between columns. Rules and spaces (leads) 
are usually used in the final printed tables to separate sets of data. For footnotes 
to tables use the asterisk, double asterisk, dagger, double dagger, and section in 
this sequence as needed. Tabular material should be used sparingly because of 
its high cost. 

7. Acknowledgments. Place acknowledgments at the end of the paper just 
below summary. 

8. Address. The name of your institution and its address should also be 
given at the end of the summary. 

9. Literature Cited. Use separate pages for the literature cited and type 
double spaced. Give complete citations, author, title, journal name, volume num- 
ber, inclusive pages, and year. (See any literature list in a recent issue of the 
journal for examples). Punctuate according to the examples, and leave no cita- 


tions incomplete. Write out names of states in full. 


Note proper abbreviations 
of journals. An error frequently noted in manuscripts with long bibliographies 
is failure to mention in the text all citations listed. Authors are requested to 
check all citations in the bibliography by careful proofreading of manuscripts 
prior to submission. 

10. Formulae. Use mathematical formulae only when necessary, and be 
conservative in the use of space. 

11. Galley Proof. Correct all errors clearly and return galley promptly to 
editor. Authors will be billed at cost for alterations in the galley proofs, other 
than corrections of printer’s errors, involving excessive changes from manuscript 
copy. 

12. Mailing. Send original copy of manuscript to editor, W. F. Loehwing, 
University of Iowa, lowa City, Iowa. Retain a carbon copy to insure against 
loss, and to consult in case of need. Prompt return of revised manuscript copy 
and galley proof to editor greatly expedites publication. Write across top of 
title page of manuscript directions for mailing of proof, thus: Mail proof to 
{author’s name and address). If authors wish to have original manuscripts or 
copy for illustration returned subsequent to publication, the editor should be sc 
informed at the time proof is returned. 

13. Reprint Order. These should be sent to the editor with corrected galley 
proof. Late orders for reprints entail extra work and expense by printer for 
which charges must be made to author. Type is destroyed immediately after 
printing and hence it becomes impossible to supply reprints after publication of 
papers. Send Reprint Order with corrected galley even if formal requisition 
or purchase order for institutional agencies follow later. 

14. Abstracts. Authors are requested to submit typed abstract on form pro- 


vided when corrected galley is returned to editor who will insert proper volume 
and paging for use by Biological Abstracts. If authors care to type a earbon 
copy of abstract on plain paper, the second abstract will be sent to Chemical Ab- 
stracts or some other suitable abstract journal. 
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